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INTRODUCTION TO THE DYNAMICS OF PLANETARY ATMOSPHERES

G. S. Golitsyn

Foreword /3*

The development of research on the planets of the Solar System by
terrestrial and space methods faces meteorologists with the imperative demand
for answers to such questions as the vertical and horizontal distribution of
temperature in the atmosphere of a planet, evaluation of wind speeds and wind
distribution in space and in time, the structure of wind gusts and wind distribu-
tion in the boundary layer of the atmosphere, and a large number of other
questions. Of decisive importance among these problems is that of the general
circulation as the most complex and least understood aspect. If this problem
could be solved to a certain degree of approximation, it would be possible, b
use of the experience acquired in geophysical hydrodynamics, to assess with a
certain amount of confidence many characteristics of smaller scale movements.

An excellent account of the status of the general circulation problem and
its difficulty for the Earth's atmosphere has been given in the book by
Lorenz (1967). The theory of general circulation represents the foundation for
long-range weather forecasting and a complete theory of climate.

The basic working method of this theory is represented by numerous
experiments on simulation of the behavior of the atmosphere in the case of
predetermined supplies of heat. This method also began to be applied for
study of circulation of the atmospheres of other planets, specifically, Mars
and Venus.

However, like all experimental methods, numerical experiments, which still
require a very high expenditure of labor and resources, do not yield a general
approach to the problem. At the same time, they hold out too little hope for
the construction of even a highly simplified but general analytical theory of
circulation (see Lorenz, 1967), especially if an effort is made to describe
the structure of circulation in space and time. But if we confine ourselves
to an endeavor to obtain merely certain average universal characteristics of
the general circulation, we can be confident of success in this direction by
using the general methods of the theory of similarity and dimensionality. And
such a theory as this was elaborated by the author at the end of the 1960s and
the beginning of the 1970s. It provides the possibility of classifying the
circulation of planetary atmospheres, and in a number of instances of obtaining
important specific results, in a natural fashion and exclusively on the basis
of external astronomic factors and properties of the atmospheres of planets.

The greater part of this book is devoted to presentation of this theory, /4
which by now has undergone a certain amount of refinement, and to its application

*Numbers in the margin indicate pagination in the foreign text.
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to various planets and to the atmosphere of the Sun. Wherever possible, the
findings of the theory are compared with the results of observations and
numerical experiments.

Knowledge of the characteristics of general circulation, and of the mean
wind in particular, permits assessment also of the structure of the boundary
layer on Mars and Venus on the basis of the general theory of similarity
developed by A. M. Obukhov, A. S. Monin, and their associates. Evaluations
of the characteristics of the turbulent fluctuations of the velocity and
temperatur~ fields in the atmospheres of other planets are naturally also
obtained, this being a factor of importance for certain technical applications.
Hence consistent utilization of the methods of the theory of similarity and
dimensionality are typical of virtually all the questions considered in the book,
with the exception of the problem of the general dust storms on Mars, which is
characterized by a somewhat different method of investigation. As we know,
the enormous dust storm on Mars which began in September of 1971 and did not
end until the middle of January of 1972, occurred during the period of
exploration of Mars by means of the Mars-2, Mars-3 and Mariner-9 space stations.
Considering the importance of the question, and 1o draw the attention of
meteorologists to this extremely difficult and highly interesting problem, the
author believed it to be necessary to include in the book a brief survey of
the data gained in observations and considerations of his own regarding the
origination, development, and attenuation of the dust storms.

The hydrodynamics of planetary atmospheres is undergoing rapid development,
attracting broad interest on the part of meteorologists, specialists in
atmospheric physics, astronomers, and space scientists. An increasing number
of scientific publications are making their appearance. For this reason a
bibliography of the works which the author believes to be the most important
ones that appeared in print by spring of 1972 is given in the book.

The title of the bock may appear to be too comprehensive, inasmuch as
many questions of atmospheric dynamics are discussed here only in brief or are
not touched on at all. However, if the reader is familiar with conventional
hydrodynamics, the material presented may in reality be regarded as an intro-
duction to the dynamics of planetary atmospheres, since we provide an analysis
of the simplest and so to speak most elementary properties of the dynamic
equations and arrive at our findings exclusively by use of the theory of
similarity and dimensionality. Analytical and numerical calculations of the
space-time picture of atmospheric flows obviously represent the next logical
step in investigation of the motions of planetary atmospheres, although the
inner logic of presentation of a subject does not always coincide with the
actual stages of development of the science itself, and the elementary analysis
described here of general circulation was made much later than the many
numerical experiments and model analytical calculations.

All the necessary theoretical information is given, at least in concise
form, in the text itself, although the reader familiar with hydrodynamics, say,
to the extent of the first few chapters of the book by L. B. Landau and Ye. M.
Lifshits, Mekhanika Sploshnykh Sred [Mechanics of Solid Media], and with the
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first two chapters of the book by L. I. Sedov Metody Podobiya}i Razmernosti
v Mekhanika [Similarity and Dimensionality Methods in Mechanics] will be more
accustomed to the manner of exposition adopted in this book.

I am deeply grateful to my teacher in physics of the atmosphere in the
broad sense of this term, A. M. Obukhov, who so early as 1964 suggested to me
that I concern myself with the atmospheres of other planets. He pointed out
on many occasions that the study of other planets will enable us to obtain a
deeper and better understanding of the laws governing the behavior of the
Earth's atmosphere. This keen interest, the always fruitful discussions held
with him, and his advice contributed toward deepening of my understanding of
the subject, and Lkas inspired me to continue my work. I am also greatly obliged
to A. S. Monin, A. M. Yaglyy, B. I. Tatarskiy, L. A. Dikiy, Ye. A. Novikov, A.
S. Gurvich, and S. S. Zilitinkevich, association with whom, and often joint
work as well, fostered clarification of particular questions. A separate word
of thanks is due to B. I. Moroz, many discussions with whom contributed toward
my gaining a thorough understanding of the subject of physics of planetary"
atmospheres and grasping the tasks with which this field of science is faced.

I must express my thanks to the many students attending my lectures at
various symposia, conferences, seminars, and lectures, who by their juestions,
perplexity, and criticism compelled me again and again to devote further thought
to the logic of the theory and the manner of its presentation. This process
contributed greatly to the development and thorough substantiation of the theory
itself. Among these most critical, but constructively critical students, I
should like to make special mention of .Dzh. Charni, N. A. Phillips, and F. P.
Brotherton. I am also grateful to R. M. Goody, B. A. Smith, and S. 1. Rasool,
who kindly sent me magnificent photographs of planets.

The editor of the book, F. V. Volzhanskiy, has done much constructive
work on the book which has contributed greatly to improvement in presentation
of the material.

G. S. Golitsyn
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CHAPTER 1. ATMOSPHERES OF PLANETS AND THEIR DYNAMICS /6

1. Brief History of the Study of Motions in Planetary Atmospheres

Winds blow in the atmospheres of planets. From the most ancient times
man has observed in the Earth's atmosphere a wide diversity in winds and their
association with certain seasons, times of the day, and types of weather. The
vigorous development of navigation and the age of great geographic discoveries
in the 16th and 17th centuries led to the idea that there are more or less
permanent wind systems on Earth: tradewinds in the subtropics and tropics and
westerly winds in the temperate latitudes. The first attempt to arrive at a
scientific understanding of the causes of the occurrence of winds in the
atmosphere was made by the well-known English astronomer Edmund halley (1586).
Halley sought to explain the tradewinds by the diurnal variation in the
maximum heating of the atmosphere, this variation following the Sun from east
to west. A work which played an enormous part in the history of meteorology,
and in particular in the theory of general circulation was an article by
Hadley (1735) in which for the first time in the history of science, almost
100 years before introduction of the Coriolis force bearing his name, in which
it was pointed out that the unevenness of heating of the surface of the planet
represents the main reason for the occurrence of winds, and that the rotation
of the Earth has a decisive influence on the nature of their distribution.

In the 19th century a number of ideas were advanced regarding the nature

and structure of general circulation, ideas associated with the name of Ferrel
and others (a good survey of the history of development of ideas regarding

the circulation of the Earth's atmosphere is given in a book by Lorenz (1967)),
and in this same century hydrodynamics begin to move into the sphere of
meteorology. The present-day status of the problem will be discussed in Section
3, but for the time being we will go on to other planets.

The existence of winds or atmospheric flows on other planets was first
discovered on Jupiter and Saturn. These winds are identified on the basis of
the periods of rotation of individual clearly different spots on the disc of the
planet. The first pertinent observations and measurements were apparently
made by Cassini around 1690. The history of these observations, together with
detailed summaries of the latter, are discussed in the books by Peek (1958) on
Jupiter and Alexander (1962) on Saturn. A particularly large number of obser- /7
vations and measurements of the periods of rotation for both planets was made
by the .nglish amateur astronomer Williams during the last 25 years of the
19th century. It was he who introduced the term '"atmospheric flows' to explain
the causes of difference in the periods of rotation at different latitudes.

The flows on both planets are rigidly zonal, that is, they run along the
parallels. No one has ever observed any appreciable systematic meridional
components. The apparent discs are characterized by a system of dark and light
zonal bands, which will be discussed in greater detail later in the appropriate
sections. In this respect they are also resembled by Uranus, on which a slight
zonal structure is observed. A typical feature of the giant planets is
represented by the higher speeds of rotation of the equatorial regions than the



speeds of rotation of the temperate latitudes. On Jupiter the relative speeds
of rotation are of the order of 100 m/sec, and on Saturn 400 m/sec in comparison
to the mean speeds of the temperate latitudes.

So early as 100 years ago there was systematic if relatively rare
observation, no more than a few times a year, of clouds on Mars. These clouds
tend to appear in specific places on the planet, that is, they are probably
somehow associated with the surface relief of the planet. At times they become
almost stationary, especially the white clouds. Yellow clouds, the speed of
movement of which is around 10-20 m/sec or more, are less frequently observed.
The latter are associated with sand or dust storms. In some cases such storms
cover virtually the entire apparent disc of the planet like a mist, as for
example in 1924, 1956, and 1971! (see Moroz, 1967).

Lastly, motion was discovered in the atmosphere of Venus in our own
days, in the 1960s. It is the so-called 4-day circulation of ultraviolet
clouds. It was first observed by Boyer and Camichel (1961, 1965, 1967). Ex-
tensive observations were conducted by Smith (1967). Dark details rotating
with a period of around 4 days in the same direction as that of the planet
itself can be seen in ultraviolet light. Their speed relative to the surface
is on the order of 90-110 m/sec. The altitude of these clouds is around 100
km, at which the pressure is of the order of 1 mb, that is, they represent a
stratospheric or even mesospheric effect. Indirect evidence of the existence
of certain probably small-scale movements of the turbulent type deep in the
atmosphere of Venus as well is represented by the fact that radio signals
passing through the atmosphere of the planet undergo random fluctuations which
may be interpreted as being due to turbulence (see Section 18). Such fluctua-
tions were recorded with the signals both of Soviet and of American
(Mariner-5) space stations which descended into the atmosphere of the planet.

The Soviet space stations of the Venus series made it possible to conduct
the first direct measurements of wind speed and turbulent gusts in the places
at which the stations descended into the atmosphere of the planet, on the basis
of the Doppler shift of the transmitter frequency (Kerzhanovich et al., 1969;
Kerzhanovich, 1972; Kerzhanovich et al., 1972). This procedure is described in
Section 14.

1A large body of material of a directly synoptic nature has been obtained by
Mariner-9 by means of television and infrared interferometer-spectrometer (for
the preliminary results see Hanel et al., 1972). The data of the latter make
it possible to establish the vertical profiles of temperature in the atmosphere
of Mars, on the basis of +hich it is also possible to establish the wind field
structure. In the cold . -.misphere of Mars, one can easily detect in the many
television photographs obtained during the dust storm and after it cloud
formations of the cyclone and frontal type, banks of undulated clouds beyond
mountains, and convection clouds. By the time work on this book was completed
(1972), all of this enormous body of material was still largely unprocessed and
unpublished. Several photographs of Mars obtained from Mariner-9 are given

in Section 13, which is devoted to Mars in particular.



For Mercury alone among the major planets, atmospheric motions have
yet to be observed. In addition, there is as yet no convincing evidence
even of the existence of an atmosphere on this planet; only the upper limits
of estimates of the mass of its atmosphere are available.

The observations thus show that the atmospheres of the planets are in

movement. The structure of their apparent discs unquestionably reflects the
Photographs of the planets are given in
Only Uranus, Saturn, and Jupiter are similar, in exhibiting zonality
Venus has no structure whatever in visible light, only light seas /9
and dark continents are visible on Mars owing to the thinness of the atmosphere

and the rure appearance of clouds, and the details of the cloud structure of
Earth display no regularity whatever.

nature of the atmospheric motions.
Figure 1.
of motion.

Figure 1. Planects of the Solar
System: a, Uranus (Sketched by
Antoniadi}; b, Saturn; ¢, Mars; d,
Jupiter; e, Venus; f, Earth (Photo-
graphy from a Point Near the Moon).
The photograph was kindly sent by
R. M. Goody.

Planetary atmosphercs are open systems that receive energy from outside,
from the Sun, and release excess encrgy by way of longwave radiation into
outer space. A energy balance is achicved only for the atmosphere in gene.al,
while there is no balance between the arrival anua departure of encergy for

2. Causes and Nature of Atmospheric

Motions (With the Earth's
Atmosphere as an Example)

The chief cause of the motions
of the atmosphere is represented
by the uneven progress of thermal
energy to various parts of the latter
and uneven heating of the atmosphere.
In the presence of the force of
gravity, mechanical equilibrium is
impossible in a fluid unevenly
heated in the horizontal plane, and
the Archimedes forces of buoyancy
that arise lead to the occurrence of
motions which tend to mix the fluid
(Landau, Lifshits, 1954). The
general circulation of the atmosphere
also occurs for this reason. In
particular, in the Farth's atmosphere
Iocal winds of the monsoon or sea
breeze type are formed as a result
of the c¢ircumstance that air is
alternately warmer above land or
above the sea. Cumulus convection
in surmer is caused by intense
overheating of land and disruption
of the vertical adiabatic stability,
and in winter above oceans by the
intrusion of cold air masses from
continents.




each individual region of the atmosphere, and this circumstance continuously
sustains motions in the atmosphere. The atmospheric motions themselves play
a vital part in determining the nature of this balance, since they ultimately
transfer heat from the more greatly heated regions to the cooler ones.

Taking the example of the Earth's atmosphere, let us determine what are
the spatial scales of the motions, or to employ the current meteorological
terminology, what is the spatial spectrum of these motions, that is, what
kinetic energy is carried by motions of a specific scale. Analysis of this
spectrum enables us to introduce certain useful concepts often employed later,
and to make a rough classification of the motions into categories according to
their spatial scales. There is no reason to expect that the spectra of motions
on other planets will in their details or even in general outlire be similar
to the spectrum of motions of the Earth's atmosphere, but some sections of
this spectrum are universal and should be manifested everywhere in one form or
another.

The spatial spectrum of the velocity field in the Earth's atmosphere has
been studied in more or less detail (both in theory and on the basis of
observational data) only in two extreme regions: for the largest scales with
space wave numbers k fro. 0 to 20, that is, for the zonal component of wind
in scales from constant zonal flow (k = 0) and a wavelength of 2nr (k =1, r =
= radius of planet) approximately to 2000 km, and for the smallest scales,
of the order of 1¢ km and less. This circumstance is due to the nature of the
observational data and to the concept itself of spatial spectrum. To construct
this spectrua (see Monin, Yaglom, 1967) it is necessary to have knowledge of a
large number of instantaneous observations, that is, instantaneous pictures
of the velocity field over the entire globe without any gaps in space. On the
basis of this field there is calculated correlation fur:tion

B 1) [0, (0] — o ()l o r) oy (). (2.1

in which T and r, are points of observation and vy and v, are the velocity

components; the line above the righthand term denotes averaging.
For a spatially homogeneous and isotropic random velocity field, correla-
tion tensor function Bik(r1 - r2) is invariant relative to transfers and

rotations in space of vector r = r. - r_ and depends only on the modulus of

1 2
the latter, r = |r|, while the Fourier transform of the correlation function
assigns the spectrum for spectral density

Fir () = 55 [ [ Buu(r) eno dr. (2.2)

In this instance tensor Fik(k) for an incompressible fluid is defined by

a single scalar function — the spectral density of energy £(k), integral

g E(R)dk  equalling the total kinetic energy of the unit mass of the fluid.

4
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The velocity fields in the atmosphere may be considered to he uniform
and isotropic only for fairl: small scales, of the order of 1 km and less.
Larger scales may be regarded in approximation as such only in horizontal
planes. In study of the largest (global) scales data are usually taken along
a circle of latitude, and the velocity field is considered to be uniform along
it. The concept of spatial spectrum (in the latter case determined for one
latitude) is nevertheless found to be useful for fields of such restricted
uniformity.

We begin with the region of small scales in which the laws established in
1941 by Kolmogorov-Obukhov are valid. A. M. Kolmogorov (1941) took as his
basis considerations of the theory of similarity and dimensionality, and A. M.
Obukhov (1941) considerations of a model nature, but they arrived at identical
results. We will have need of the conclusions of this theory more than once
in what follows; in addition, the Kolmogorov theory is a simple and convenient
case for demonstration of the use of general methods of the theory of similarity
and dimensionality.

Kolmogorov formulated his theory on the basis of two hypotheses of a
physical nature concerning the structure of the velocity field in turbulent
flow at large Reynolds numbers Re = UL/v, in which U is the characteristic flow /11
velocity, L the so-called external turbulence scale, or scale of basic energy
bearing vortices, in which energy is introduced into the flow, and v is the
kinematic viscosity. If Re >> 1, the largest vortices are unstable and generate
smaller vortices, transmitting their kinetic energy to the latter. If the
Reynolds number for these vortices is also large, they again prove to be unstable
and again are broken down into smaller ones, and so forth. The process of
breakdown of vortices into increasingly smaller ones down to the very smallest, for
which the corresponding number is Re & 1, that is, viscous dissipation becomes
substantial, was described qualitatively by Richardson (1922). A. M. Kolmogorov
embodied these concepts in concrete form by introducing his first similarity
hypothesis, which states that, at sufficiently large Reynolds numbers, tiiere
must exist a region of scales r much smaller than external scale L, on which
turbulent vortices will be uniform and isotropic, and the nature of the turbulence
will be determined by kinematic viscosity and quantity e, the speed of transfer
of kinetic energy (per unit mass) along the series of vortices from the larger
to the smaller. In the stationary state quantity e will equal the rate of
dissipation of kinetic energy to heat owing to the action of viscosity on the
smallest scales. For this reason ¢ is often termed simply the dissipation rate,
or even merely dissipation.

The magnitude of the scales at which viscous dissipation occurs may be
found from considerations of dimensionality. By definition dimensionality ¢

aag%ﬁ%%%g , or [g] = cm2/sec3. The dimensionality of kinematic viscosity [v] =

= cmz/sec. From these two values one can by an unequivocal process formulate the
value having the dimensionality of length:

(2.3)



Quantity ZO is termed the Kolmogorov microscale. Since we also have
spatial scale r, from the latter and Zo we can formulate dimensionless length
r/ZO on which alone all the spatial characteristics of turbulence should depend

(when r << L).
Kolmogorov further noted that in the intermediate region of scales

. r<l (2'4)

viscosity no longer exerts any effect, but the vortices are uniform and iso-
tropic, or more precisely are locally uniform and locally isotropic. The word
"locally" is to be understood to mean the uniformity and isotropicity of the
statistical characteristics of the differences of two quantities in turbulent
flow taken at distance r. Hence for values r satisfying condition (2.4) the
structure of the flow is defined by unique external dimensional parameter ¢.
This makes up the content of Kolmogorov's second hypothesis. Since over the
interval of scales of (2.4), only forces of inertia are active, owing to which /12
energy is transferred over the spectrum of vortices from larger ones to
increasingly smaller ones, this interval is often termed the inertial interval,
and the entire interval r << L is called the equilibrium interval.

No dimensionless combination whatever may be constructed from € and r,
but it is possible to formulate a quantity having the dimensionality of velocity
or the square of velocity. As the statistical characteristic of locally
uniform and locally isotropic turbulent flow, Kolmogorov proposed the use of
the so-called structural function, the root mean square difference of two
quantities characterizing the flow at points 1 and 2, the distance between
which equals r. Inasmuch as the velocity is a vectorial quantity, we take the
projections of the velocity in direction r, that is, its longitudinal om-
ponents. The longitudinal structural function of velocity then depends only
on modulus r and is defined as

Dy (7} = [v,(r)) — v, (r)]* = [Ao, (r)]%. (2.5)

Since Du depends only on r, the unique quantity having the dimensionality

of the square of velocity which may be formulated from ¢ and r is the following:

—

Dy (r) = Ce¥rs, (2.6)

in which C is a certain constant. The rule set forth in (2.6) has been confirmed
experimentally by numerous measurements in the laboratory, the atmosphere, and
the ocean (see Monin, Yaglom, 1967, Section 23), which indicate the dimension-
less constant to be C * 2,

A rule equivalent to (2.6) for spectral density was established by
Obukhov (1941): -

E(F)=vC%“k’%. 2.7)



in which constant C' is associated with C and equals approximately 0.5 (see
Monin, Yaglom, 1967, Section 23).

The region of applicability of the theory of similarity in which the
dimensionless criteria of similarity (in our case r/ZO) are much larger (or

much smaller) than unity is termed the region of similarity, since, as follows
from physical considerations, in this region not ersry external parameter
entering into the dimensionless criterion is esse ial (in this cise v). Then
for the quantities with which we are concerned we can write uniquc formulas in
the form of algebraic monomials by using the remaining external parameters,
this meaning that the quantities in question will be similar or even identical
if the scales are properly selected.

Now let us return to the largest scales. Since the atmospheres of planets
are thin spherical envelopes, the spectrum for them is determined by develop-
ment not into an integral but into a Fourier series, say on the btasis of a
circle of lat:tudes (or on the basis of spherical functions). Large disturbances
with scales much larger than the altitude of the uniform atmosphere are
quasi-two-dimensional, that is, the vertical velocity components are much [lé.
smaller than the horizontal ones. :

Comsiderations regarding the form of the energy spectrum in two-dimen-
sional flow were first advanced by Batchelor at the beginning of the 1960s,
but the corresponding work was not published by him until 1969. Similar con-
siderations were also published by Kraichnan (1967). The cascade process of
transfer of energy from iarge vortices to smaller ones cannot take plac~ in a
rigorously two-dimensional fluid (Lee, 1951; Fjortoft, 1953; Kraichnan, 1967),
owing to absence of the effect of extension of the vortical filaments. This
follows directly from preservation of the square of the vortex in a two-dimen-
sional nonviscous fluid. However, a similar cascade process of tra.sfer over
the spectrum mav nccur for a quantity termed entrophy (Kraichman, 1967), which
is introduced li:. e, as

_ 1 d¥ 1 aR,  de, g
= T T (2.8)

in which @, is the vortical velocity vector component. Then from the quantities

n[secws] and k [cm'l], which define the structure to two-dimensional turbulence
over a certain scale interval, one can formulate a quantity having the dimen-
sionality of the spectral density of energy:

E (k) ~ nnk-3, (2.9)

Real large-scale atmospheric motions are actually thrce-dimensional, but,
for planets rotating with sufficient speed, they are quasigeostrophic, that is,
the Coriolis force is approximately in balance with the pressure gradient, In
this instance the so-called potential vortex is preserved in the flow (Ertel,
1942; also sce Monin, 1968, 1969), and the concept of poterntial entrophy may
be introduced. Considerations of dimensionality then also lead to formula



(2.9), but n is now the potential entrophy (see Charney, 1971; Gavrilin et al.,
1972). ’

Processing of experimental data on the wind field in the temperate latitudes
(see the surveys by Leith, 1971; Gavrilin et al., 1972) has yielded the relation
E(k) ~ k™3 for the spectral region k = 7 to 20.

For k = 6 to 7 the energy spectrum usually exhibits a maximum, and a small
decrease (or approximately constant spectrum) closer to zero. ihere apparently
are no universal laws for this region on the largest scales.

The existence of a synoptic maximum for kr = 6 to 7 is to be ascribed to
the so-called baroclinic instability effect, which is the fact
that the excess potential energy of the atmosphere is converted to the kinetic
energy of vibrations with wavelengths corresponding to the wave numbers
indicated. Precisely chese modes of movement are responsible for the formation
-of cyclones and anticyclone. in the atmosphere, that is, weather as it is
ordinarily understood (see Lorenz, 1967).

The scales of motions between 1000-2000 km and approximately 20 km are /14
among the least studied regions of the spectrum. The reason is by
the sparse network of weather stations; the average distances between them are
several hundred kilometers, so that it is not possible to construct spatial
spectra directly on the basis of observational data.

If the frequency spectra at one point are known, an ittempt may be made
to establish the spatial spectra by means of the relation k = w/U (w is the
circular velocity of tim. pulsations, and U the mean wind speed), that is, the
Taylor hypothesis stating that the evolution in time of a vortex having wave
number k is much longer than the time of passage of this vortex by an observer.
A procedure such as this employed by Ellsaesser (1969) in the processing of a
large body of observational material demonstrated that for periods of up to 6
hours the structural function of velocity in time is

" D.(t) C (Ut

This relation is also satisfied for periods of 6 to 36 hours for structural
functions constructed on the basis of data for the cntire northern hemisphere,
with the exception of the region of the tropic stratosphere. If a mean wind
speed of U =~ 10 m/sec is adopted, the ''two-thirds law'" is valid for scales up
tor = Ut = 10 m/sec*36°3600 sec = 1700 km. Of course, for scales of the order
of hundreds of thousands of kilometers, the validity of application of the Taylor
hypothesis is always doubtful, and generallx speaking it does not follow from
proportionality Dv(t) ~ t2/3 that Dv(r) ~1'/3 and E(k) ~ k 5/3. However, the

error will apparently not be too large if the relation E(k) ~ k-s/é is assumed
in this region of the spectrum (the wave number interval being one and one-half
or two decades). At any rate, this may be the top estimate.



Yet another circumstance which it is the simplest to understand precisely
from the viewpoint of the k™ /3 law is represented by the results of Richardson
(1926). Richardson was the first to demonstrate that simple, although highly
unusual statistical relationships obtained in the atmosphere. After assembling
and processing a great variety of data, Richardson discovered that the root mean
square distance between two particles labeled in some way in the atmosphere
is proportional to the cube of time from the beginning of observation of these
particles?:

rr<#,

12.10)

this relationship remaining valid up to distances of the order of 1,000 km. The
coefficient of relative diffusion of these particles may be defined as
?r" 2 —3’1 \,-_‘4'!
Kam g ~ 88~ ()" ~ 1 (2.11)
This is the well-known Richardson law, according to which the coefficient /15
of relative diffusion of two particles is proportional to the mean distance
between them to the 4/3 power,

Theoretical explanation of the Richardson law was given by Obukhov (1941),
in the same work in which the law represented by (2.7) was established. It is
based on analogous considerations of similarity and dimensionality, although its
applicability to such large scales remains uncertain. If - is assumed to be a
unique parameter defining the structure of turbulent flow, it is possible to
construct from ¢ and r a unique combination having the dimensionality of
diffusion coefficient

K- Cghr. (2.12)

The Richardson-Obukhov law of (2.12) has been repeatedly verified in the
atmosphere (Monin, Yaglom, 1967, Section 24) and in the ocean (Okubo and Ozmidov,

1970). According to a number of estimates, constant c, is on the order of 0.1,

If quantity ¢ is in any way known for large-scale motions, formula (2.10) is
used to estimate tbo coefficient of large-scale mixing of the atmosphere
(Zilitinkevich, Monin, 1971).

It is also possible to employ formula (2.10) to estimate the relative speeds
of divergence of two particics

Ay - AN

~"\_‘—
o7, =¥ 4 rt.

The expression obtained for Av coincides in form with the results of
Kolmogorov (compare (2.6) with (2.5) being taken into account), although, strictly
speaking, it is not equivalent to it (in this context compare tL.2 discussion of

21t is to be noted that the statistical relationships of the wandering of a

Brownian particle known up to that time yielded r2 R ovt.



the relationship between the Lagrangian and Eulerian descriptions of turbulence
given by Monin and Yaglom (1967, Section 24)).

A diagrammatic representation of the space spectrum of atmospheric move-
ments 1is presented in Figure 2. The ordinates are given in conventional units,
and the abscissa in dimensionless units kr, in which r is the radius of the
Earth. The boldface dot on the ordinate axis marks the energy corresponding to
k = 0, that is, purely zonal flow. Dots indicate the first ten harmonics,
and a solid line is drawn after them. Synoptic maximum kr = 6 is followed by
a region of quasi-two-dimensional turbulence, in which E(k) ~ k™M, and n & 3.
The latter is followed by a_r7§ion of large-scale Richardson diffusion, in
which the relation E(k) ~ k™°/3 is proposed as the upper estimate. In the
region of scales of the order of tens of kilometers, there is a mesometeorological
minimum followed by a maximum of small-scale turbulence due to instability of
the wind, convection, and the like, and lastly the longest, purely Kolmogorov
region of the spectrum (measured in decades).

What typical features of the space spectrum of the Earth's atmosphere are
inherent in the atmospheres of other planets? A synoptic maximum must apparently
be preserved for planets that rotate at not too great a speed. As a matter of /16
fact, the numerical experiments of Leovy and Mintz (1966, 1969) on simulation
of the general circulation on Mars indicate that such a maximum could be
observed at kr = 4. In the case of large and rapidly rotating planets, this
maximum cannot exist, since the large-scale motions observed exhibit no
apparent instability, or they are greatly displaced in the region of large
kr values. It is to be expected that a second (small-scale) maximum always
exists, to the extent that it is associated basically with local instabilities
of the wind in the atmosphere on scales of the order of the thickness of the
atmosphere.

c(k)
! S
b.... .C
~k‘-’/’(’)
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1 10 vt 00 w0t o n* o v o'\

Figure 2. Diagram of the Energy Spectrum of
Atmospheric Motions over a Broad Interval of
Wave Numbers.
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3. Methods of Studying the Dynamics of Planetary Atmospheres

The role of atmospheric motions in atmospheric dynamics varies in keeping
with the various space and time scales of the motions, and the methods of
studying them vary as well. Let us consider the methods employed to study the
dynamics of the Earth's atmosphere.

They include primarily observations of temperature, wind, pressure,
humidity, cloudiness, and radiation which are conducted regularly at thousands
of weather stations very unevenly distributed over the Earth's surface. There
is a sufficient density of stations only over a small part of the land areas
(around 20%), while virtually no provisicn is made for observations cver the
remainder of the surface, represented chiefly by the oceans. This is one of
the main reasons for the poor quality of long-term weather forecasts at the
present time. For this reason meteorologists throughout the world are making /17
preparations to carry out a World Program of Global Atmospheric Process
Research (PIGAP) which is to be conducted during the years 1976-1977. The
basic information, including the temperature of the underlying surface, the
profiles of temperature and humidity in the atmosphere, observations of winds
on the basis of displacement of clouds and the drift of balanced balloons, etc.,
will be obtained from satellites.

The technique of using satellites may also be fully applied for meteorologi-
cal observations of the atmospheres of other planets. Observations of radiation
escaping from the atmosphere of Mars in the CO, absorption region in the

vicinity of 15 p have yielded highly interesting results on the vertical
temperature distribution of the Martian atmosphere (Hanel et al., 1972). For
the time being, however, it is realistic to expect that only individual
experiments may be conducted.

Another approach, one replacing observations in significance, is represented
by numerical simulation of the behavior of planetary atmospheres. In theory
it is possible in this way to simulate dynamic processes of any scale. Simula-
tion is especially useful for study of the general circulation and climate
on other planets, At the present time this is basically the only economical
method of studying the detailed structure of the distribution of wind and
temperature, although it still requires the consumption of a very great amount
of labor. Starting with the first numerical experiments of Phillips (1956), such
experiments and, by now more than 30 of them are known, have reproduced
fairly well the basic features of the general circulation of the Earth's
atmosphere. Leovy and Mintz (1966) were the first to apply this method for
study of the circulation of another planet, specifically, Mars. They published
detailed calculations in 1969. Under the guidance of A. S. Monin (see
Zilitinkcyich, Monin, et al., 1971; Turikov and Chalikov, 1971; Chalikov et al.,
1971) numerical experiments were carried out in 1970-1971 on simulation of the
circulation of the Venusian atmosphere.

However, a basic defect is inherent in the numerical experiments, as in
all other experiments or observations. They show how a phenomenon develops or
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takes place, but do not explain it. Thorough understanding of the essence of
a phenor«non requires a full series of controlled experiments performed at
differer- values of one or more parameters defining the phenomenon being
studiec¢  Variation of particular parameters characterizing an atmosphere is
especially necessary in study of the circulations of other planets, since the
values of many of them are not known with sufficient accuracy. For the sake
of greuter certainty regarding the basic features of the predicted circulation,
it 75 necessary to know that the variations in these parameters is insignifi-
cant. [or example, in numerical simulation it is necessary to specify with
high precision the optical properties of the absorbing atmospheric gases.

Very little study has been devoted to these properties at high temperatures
aud pre- sures. Precisely for this reason it was necessary for the authors of
the exp riments in question on simulation of the circulation of the Venusian
atmosph. re to perform two experiments: in the first of the experiments, the
pulk of the solar radiation assimilated by the planet reached its surface, and
in the second one, it was entirely absorbed in the upper theoretical layer of
atnosphere.

Essential information on the nature of the circulation of the Earth's
atmosphere was obtained in laboratory studies of the convection of a rotating
and not uniformly heated fluid. Baroclinic instability, the formation of
cyclenic and anticyclonic vortices, the formation of fronts and jet streams,
processes of transition of energy from the potential to the kinetic form,
transfer of energy over the spectrum, and other important features of the
general circulation of the atmosphere are reproduced in laboratory experiments
(Lore 1z, 1967; Starr, 1968; Monin, 1969; Hide, 1970). At the same time it is
quite obvious that many seemingly highly important aspects of the atmosphere
and ics circulation -annot be simulated in small laboratory units. Hence the
success achieved °~ laboratory experiments permits the conclusion that the
role of :uch aspects under natural conditions is not a decisive one in deter-

mining the basic features of the general circulation of the Earth's atmosphere.

This is the most significant result of laboratory experiments. We shall cite
four basi: conclusions (Hide, 1970).

1. (n the Earth's atmosphere the ratio of the vertical scalc of movement
to the hori:ontal is approximately 10 3, and in laboratory experiments 0.1 or
even 1. No decisive .cle is accordingly played by this ratio.

2. Phasc -caversions of moisture are absent from laboratory experiments,
that is, there 1s no precipitation and no release of latent heat or loss of
heat to evaporation. In everyday life the nature of weather is associated
primarily with precipitation, but all this plays a subordinate role in general
circulavion processes.

/18

3. In laboratory experiments there is no similarity with natural conditions

from the viewpoint of the Reynolds number, that is, the viscosity is many
orders of muagniride higher than in reality.

4. The so-called B-effect, that is, change in the Coriolis force with
latiturde, is absent.

12



All this demonstrates that not all of the atmospheric parameters play the
same role in determining the nature of general atmospheric circulation, and
this fact inspires a certain amount of hope. However, it is now time to proceed
directly to the su: jects of our study, the planets and their atmosphere.

4. Survey of Astronomic and Atmospheric Parameters of the Solar System Flanets

Let us begin with a survey of the necessary astronomic factors (Table 1)
determining climate, and accordingly the general circulation: the distance
between planets and the Sun Ra (in astronomic units; 1 a.u. = 149,500,000 km),

their radiuses r, periods of revolution around the Sun Tp, the length of the

day t = 2n/w, the angle of inclination of the axis of rotation to the plane of
the ecliptic Yo the acceleration of gravity g, and the integral albedo /19

of a planet A. The information on these parameters is taken basically from the
book by Moroz (1967). If cases in which 8 differing from this information are
adopted, specific mention is made of this circumstance whenever it arises. No
consideration is given here to Pluto, since for the time being virtually nothing
is known about it.

TABLE 1. ASTRONOMICAL PARAMETERS OF THE PLANETS.

T S g |
Planet I:‘_u. I lm yg.,',s ‘d:;s » cm/'se.(:2 A
Mercury . . 039 2434] 024{ 59 | 28° 388 | 0,09
Venus e 072} 6050 062}|—243 | 2° 830 | 0,7740,07
Earth . . . . 1 6371] 1 1 23° 27 981 | 03
Mars . . . . 152} 3394 188| 102| 24°57 370 | 0,20-+0,05
Jupiter I 52 {70000} 119 041] 3°7 2500 | 05
Satum e o5 1600001 295 0.44] 26° 44’ 950 | 0.5
Uranus . . . . 19,2 125000 8+ 0,45] 87,5° 900 | 05
Neptune , . , | 39,5 24000248 0,66 | 29° 1200 | 0,5

Commas indicate decimal points.

Of the seven parameters listed here, only the mean distance between a
planet and the Sun, Ra’ and the period of revolution around the Sun, T_, are

well known (that is, known with "astronomic" accuracy). The accuracy of the
remaining parameters ranges from fractions of a percent to several percent.

The radius for Mercury has been adopted on the basis of the radar obser-
vations of Ash, Shapiro, and Smith (1967); it is 46 km smaller than the value
given by Moroz (1967). It is this which explains the large value of g.

The Venusian radius of 6050 km (with an error of +5 km) is the one uni-

versally adopted at the present time and corresponds to numerous and varied
data obtained in radar measurements (see Ash et al., 1968). The acceleration
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of gravity corresponds to this value and to the mass of the planet, which equals
0.815 of the Earth's mass. The albedo value is based on the data of Irvine
(1968).

According to a number of measurements made in recent years (see, for
example, Raschke, Bandeen, 1970) the albedo of Earth is 0.3.

The value for the radius of Mars has been borrowed from the data obtained
in flight path measurements by the Mariner-9 station (Steinbacher et al., 1972).
The albedo value, 0.2, corresponds approximately to the results of averaging
over a detailed map of albedo distribution on the surface of the planet pre-
pared by de Vakuler for the numerical experiments of Leovy and Mintz (1966,
1969) relating to simulation of the circulation of the Martian atmosphere.

The mean value of the polar and equatorial values have been adopted for
the radiuses of Jupiter and Saturn. Both planets are appreciably flattened
because of the speed of their rotation. The values for the radiuses of Uranus /20
and Neptune have been given in accordance with measurements made by Dollfus
(1970). The most indefinite values for the large planets are those of the
albedo. We everywhere assume A = 0.5, as is recommended by Moroz (1967),
although value A may increase to 0.7 or even higher for dense gaseous atmospheres.
It is true that allowance for atmospheric absorption lowers the albedo value.

Let us now consider the parameters directly characterizing the atmosphere
itself. The chief among these are pressure p, that is, the mass of the unit
atmospheric column, M = p/g, the chemical composition of the atmosphere, and
the molecular weight of the latter, n. The optically active admixtures are
of great importance in assessing radiation, but we do not cite them here because
of the great uncertainty regarding their concentrations for all the planets.

If u is known, by use of the equation of state of an ideal gas, one can determine
such useful characteristics of the atmosphere as the heat capacity per unit mass

K R in which « = c/c, R =8.314 x 10" erg/
k-1 u p v

/(mol+K) is the universal gas constant, and Y, = g/cp is the adiabatic vertical

at constant pressure, Cp =

temperature gradient corresponding to total turbulent vertical mixing of the

atmosphere (the entropy being constant with altitude). If there is a mixture
n

of n gases having molar concentrations s then C 0" 2: aiC i and the
1 -1

adiabatic exponent of the mixture x_, is in this instance determined from the

0,
equation

n

l “ N x;
M—-lwz‘l‘—l' (4.1)

i~

which follows from the formula for the molar heat capacity CV of a mixture of
gases (Cvi = R/Ki - 1). Generally speaking Cv’ and consequently Y, as well,

are functions of pressure and temperature, although fairly weak ones. We shall
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disregard these relations, assuming the gas to be an ideal one, but for deep
atmospheres, such as those of Jupiter, or even Venus, the values of cp and Y,

vary considerably with depth.
An importz=nt characteristic of the thermal conditions of the atmosphere of

a p’anct is epresented by the equilibrium temperature of escaping radiation,
Te' If there are no internal sources of energy whatever, the equilbrium

temperature is determined from the balance of incident solar energy and the
escaping radiarvien flux

Y — 2 4
xrig = 4nrisT;, 4.2)

in which q, = q (1 - A), is the solar constant for the planet, A its albedo,
AT % % P

and ¢ = 5.67-10-5 erg/(cmz-sec-K4) is the Stefan-Boltzmann constant. Hence
- —q_‘-)'h— _q_ A
T (‘k —'(° )’ (4.3)

Value Te serves as a gage of the energy supplied to the atmosphere. It /21

continues to be such even when internal sources of energy are present, as is
the case with Jupiter and Saturn (Aumann, Gillespie, Low, 1969). For these
planets the values of Te have been found to be such that the balance condition

of (4.2) is not satisfied even when A = 0. It is just for this reason that we
select Te rather than g
if Te is known, it is possible to estimate the altitude of the homogeneous

atmosphere at the level of formation of the escaping radiation:

RT,
H=-% (4.4)

and the speed of sound at the same level

¢, = (—"%—TL) - (g H)". 4.5)

L4

All these values are given in Table 2.

It is to be noted that not all the data contained in the first two columns
are in agreement with those given in the book by Moroz (1967). The remaining
columns are calculated on the basis of known values u, k, and the data of Table
1. The pressure at the surface (ps) of Mercury may be much lower than 1 mb,

and the upper limit of the CO2 content is now estimated at 0.04 mb (see

Bergstrahl, Gray, and Smith, 1967). According to the measurements made by
Venus-7 (see Marov et al,, 1971), M for Venus is near 100 kg/cm? (around 90
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atmospheres)3. The composition of the Venusian atmosphere has been known since
the time of the direct measurements made by Vinogradov et al. (1968, 1970),
which show that it consists almost entirely of carbon dioxide.

TABLE 2. ATMOSPHERIC PARAMETERS OF PLANETS

Planet é\d/émQ . ;,;g‘/l;; A IR I A VI ;f/'sec
Mercury <01 44 0,85 1,28 16 500 25 350
Venus 1 44 0.85 1,28 105 23048 O 240
Earth T ] 1 141 98 |57 73 | 320
Mars 16 44 0.85 1,28 14 216 11 230
Jupiter 1® 26 | 10 14n | o2a 134417 790
Satumn 210} 2.6 to 1,45 0,93 97 - 4 33 670
Uranus 1 22 13 1.8 0.76 4 21 340
Neptune 1y 22 13 1.42 1.0 38 11 450

Commas indicate decimal points.

For Mars p_ = 6 + 2 mb, that is, M = 16 g/cmz. This 1 the most probable /22

figure, which follows from the data of Mariner-6 and Mariner-7 (see Rasool,
Stewart, 1971). Their data indicate the possible presence of gases other than
COZ’ but since the content of such obvious candidates as nitrogen, argon, or
neon does not exceed 1% (Barth et al., 1971), for Mars as well we adopt u = 44.

The atmospheres of Jupiter and Saturn must be very deep. Probably no
phase shifts from the gaseous to the liquid or solid state take place at all
inside Jupiter, in view of the high temperatures and pressures in its interior
(Trubitsyn, 1972; Zharkov, Trubitsyn, Samsonenko, 1971), that is, the matter of
the planet is in the supercritical state. For this reason the concept of
atmospheric depth loses all meaning in this case.

The pressure (mass) cited in the table for Jupiter and Saturn corresponds
to the cloud cover level, at which it is known accurately to a factor of the
order of 2. During the 1960s there was observed for Jupiter a tendency toward
lowering of the molecular weight estimat:s from 4 (basically helium) to 2.6
(Moroz, 1967). More recently (for example, see Owen, 1969) there is increasing
inclination to adopt the viewpoint that the composition of the large planets
is near the distribution of the chemical elements in space. Then p = 2.2 und
k = 1.42. We have adopted precisely these values for Uranus and Neptune. For
Jupiter and Saturn we have adopted values of Te indicating internal sources

of heat (Aumann, Gillespie, Low, 1969). Unfortunately, lack of precise knowledge

3According to the data of measurements made by the Soviet Venus-8 space station
(see '"'Pravda" of 10 September 1972), the pressure on the surface of the planet
at the point at which the station landed was 90 + 1.5 kg/cm?, that is, the
atmospheric column mass equals 99 + 1.5 kg/cm®.
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of the albedo v. ue for these planets permits only the statement that the
intensity of these sources is comparable to the influx of heat from the Sun.
No one has measured the temperature for these two last-named planets, and
we have adopted them, in accordance with calculations based on formula (4.3),

with an albedo value of A = 0.5.
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CHAPTER 2. THEORY OF SIMILARITY FOR GENERAL /23
CIRCULATION OF PLANETARY ATMOSPHERES

5. Estimates of Certain General Circulation Characteristics Based on Con-
siderations of Energy and Thermodynamics

The first hints that there may be certain simple quantitative mechanisms
in operation in planetary atmospheres were received by the author as he became
acquainted with the work of Monin (1968). In Section 2 of this book it was
demonstrated by three independent methods that the typical duration of
synoptic processes is on the order of several days for the Earth's atmosphere
(also see Monin, 1969).

As a matter of fact, the power of the solar energy coming towards the
Earth's atmosphere equals 1.2+1017 wt, in view of the albedo of the latter.
According to the empirical estimates of Paimen (1959), the rate of conversion
of potential to kinetic energy 9E/5t is approximately equal to 2+101% wt. Since
the total mass of the Earth's atmosphere is M. = 5.3+102! g, the conversion

0
rate referred to the unit mass is e = Mal 3E/ot = 4 cmzlsecs. According to the

empirical estimates of Borisenkov (1963), Gruza (1965), and Oort (1964), the
total kinetic energy of atmospheric motions varies from season to season and
amounts to (6 to 9)+1020 j, that is, (6 to 9)+1027 erg. We adopt Oort's
estimate of E = 7.5¢1020 j, which was used by Lorenz (1967), Then the typical
20
1 3 \ 7.5-107°J _ 100 ~
E-SE-)- ——F——— = 3.7+107 sec = 4 days.

2-1515 W

energy conversion time t =(

The typical degeneration time of the energy of synoptic processes is found
to be of the same order, owing to the turbulent viscosity introduced in
accordance with Richardson (1926) (see above, Section 2),

s [TK = L%, (5.1)
in which K is the relative diffusion coefficient.

The typical scale of length for synoptic processes is according to Obukhov
(1949b) of the order of

! c L Ved
S (5.2)

In this equation ¢ is the velocity of light, and 7 = 2w sin ¢ the Coriolis /24
parameter (9 equals latitude); in the temperate latitudes LO ~ 3,000 km. The

radius of correlation of meteorological fields of pressure or temperature con-
sidered from the statistical viewpoint have the same scale (see, for example,

Fortus, 1964). By use of this value of L, and the value e = 4 cm?/sec3, we

obtain 1t ~ 3-10S sec. The Eulerian time scale for synoptic processes,
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T, = LO/U, is of the same order, if a characteristic rate of westerly transfer

1
in the atmosphere equalling 10 m/sec is adopted as U.

The first two estimates demonstrate that much useful information may be
extracted from knowledge of only one quantity ¢, the specific rate of generation
or dissipation of kinetic energy in the atmosphere.

The general formula proposed by the author (1968) on the basis of the
following considerations may be used to determine e. The total rate of
generation (dissipation) of kinetic energy in the atmosphere represents a
certain portion € of the total flux of solar energy entering the atmosphere,
UA = nrzqo(l - A). Hence if the quantities in question are referred to the

unit mass, on the average ¢ = nqA/4M = nq/M. Since all motion in the atmosphere

results from uneven heating of the atmosphere, quantity e, which characterizes
the rate of generation of kinetic energy in large-scale general circulation
processes, must depend basically on the typical temperature difference in the
atmosphere, it being obvious that if 8T = 0, then ¢ = 0, and consequently

n =0 as well. Then if we restrict ourselves to the first term of expansion
into a series — and it is correct to do so if the temperature departures from
the mean are slight — we may write

LY
m= ke (5.3)
in which T1 is the temperature of the most greatly heated parts cf the atmosphere
and k is a numerical coefficient. As a result,
a9
&= FoM* (5.4)

There is as yet apparently no way of determining k, but its value may be
estimated by taking as a basis the empirical materials of the Earth's atmosphere,
and, in the case of Mars, the results of the calculations by Mintz and Leovy
(1969). As we shall see later on, many of the characteristics in which we
are interested depend only slightly on the value of k: rough estimates yield

the relation k.l/s, and more precise ones even kl/4 Hence it is sufficient to
establish merely the order of magnitude of k. It is this circumstance which
justifies the broad application of formula (5.4) here to the atmospheres not
alone of Eaz-th and Mars but to those of other planets also.

An almost obvious statement of inequality may be written at the very outset
for quantity k. As a matter of fact, n performs the role of efficiency ratio
of the atmosphere regarded as a heat engine (of the first kind, to use the
terminology of V. V. Shuleykin, 1968) in the conversion of solar energy to
the kinetic energy of atmospheric motirn. Since 6T/T1 is the efficiency of an

ideal heat engine, quantity k = n/nid may on the analogy with the technical

terminology be termed the utilization factor. It is then obvious that
k1, (5.5)
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since it can hardly be assumed that atmospheres operate as an ideal heat
engine.

Successful utilization of formula (5.1) for estimation of the typical
times of general circulation processes provides the impetus toward further
development of ideas of this kind, for example, for estimations of the velocity

U=l (5.¢)
3

By substituting ¢ = 4 cmz/sec3 and L. = 3,000 km in (5.6) we cbtuin U = 107

0
cm/sec = 10 m/sec, the typical wind speed on Earth. The coefficient eq ng
approximately 1.5 (see formula (2.6)) which must be allowed for in this
formula) merely improves the result.

Let us estimate the value of k for the Earth's atmosphere, assuming 8T =

~ 50 K, Tl

accordance with (5.4) k ® 0.1. We shall discuss the value of k in greater
detail in Section 12, drawing upon a variety of empirical material, but it is
precisely this value which we shall in the main use.

~ 300 K, q = 2.1*105 erg/cmzosec, and ¢ = 4 cmz/secs. Then in

For Mars there are the data of measurement of temperature distributions
over the surface (see Moroz, 1967) and a number of temperature calculations
in which radiation equilbrium is assumed (Prabhakra, Hogan, 1965; Ohring,
Mariano, 1968). Thus, assuming K = 0.1 we can estimate € with (5.4). On the
equator of Mars the mean daily temperature T1 & 250 K, and on the winter pole
T2 ~ 150 K. Then if pg = 5 mb (Leovy, Mintz, 1966), we have ¢ ® 300 cmz/secs.
For Mars L0 ~ 2000 km, since [ is almost the same as on Earth and the speed

of sound is approximately two-thirds that on Earth (see Table 2). Then U = 40
m/sec, a value coinciding with the mean speed calculated by Leovy and Mint:z
(1966). Later we will see that, according to the results obtained by Leovy and
Mintz (1969), k = 0.01 for Mars, and that estimation of the speeds proves not
to be such a simple matter, while the agreement between the speed value obtained
and the theoretical value is the result of a number of factors as yet not

accounted for. Even at k = 10-2 we would nevertheless obtain U = 20 m/sec, that
is, again we would not be too far from the actual condi*ions.

Hence the example of the Earth's and the Martian atmospueres inspires
further Jdevelopment of our as yet entirely elementary estimates, which in
additicn make use of the values of 6T and Tl assigned in advance. At the same

time, the last-named values in any general circulation theory that is to any
extent complete and self-consistent must be determined by external astronomic
factors and the properties of the atmosphere itself, that is, by the data con-
tained in Tables 1 and 2.
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Quantity T1 can be estimated in a quite simple manner: it must be of

the same order as equilibrium temperature Te defined by (4.3). We will write

T, T.a (5.7)

-

For the rather shallow atmospheres of Earth and Mars, o £ 1 (somewhat less
than unity). For deep atmospheres such as that of Venus, a may be estimated if
the mass of the atmosphere, the vertical ‘iabatic gradient, and the pressure
at the level of formation of the escaping radiation are known, these generally
being accessible to astronomic observations, or simply if the surface
temperature is known, as it is in the case of Venus from the data of radio
astronomy or from extrapolation of direct measurements. For Venus a = 230 K/

/750 K = 1/3. Since T1 figures in quantity ¢, which further figures in exponent

1/3, the difference between a and unity will for the time being be disregarded.

To determine gquantity 6T, we use the ejuation for heat balance in the
atmosphere, which after averaging over the altitude in the stationary case may
be written in the following simplified form (see Golitsyr, 1970a, b):

oT \
Mzt —5= = 5T, (5.8)

According to (5.8) advection of heat in the atrosphere is counterbalanced
by radiation into outer space. It is valid if the temperature departures
are everywhere small in comparison to the equilibrium value of the temperature,
Te' This takes place when large-scale dynamics play a decisive role in the

thermal conditions of the atmosphere. A more detailed quantitative analysis
of these conditions will be presented in Section 6 (also see Golitsyn, 1971).
The application of equation (5.8) to dark or slightly illuminated regions of
the atmosphere requires no explanation. but it is approximately correct in

the other cases as well, since the abscorption of direct solar radiation in the
rather thin atmospheres of Earth and especially of Mars is slight.

Let us consider a slowly rotating planet gradient r of which is the typical
space scale of its azonal atmospheric motions. Then

U or

o7 w AT
fodx

~ U2l = (¢) )
r r (5.9)
From the foregoing and from equation (5.8), we have

raT < 2T e (5.10)

This relation eapresses the obvious fact that the mean circulation rate
and the temperature difference causing it are closely associated and mutually
consistent. It is found that their product may be estimated a priori, through
the "external parameters' of Tables 1 and 2.
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Under the conditions of (4.3) and (5.7) equations (5.4), (5.6), and (5.10) /27
fully define unknown quantities U, 8T, and €. For the present we shall write
only the formula for velocity U:

gl
o 9 (5.11)

U=k"

Thus velocity U and the other unknown characteristics of atmospheric cir-
culation are determined with the precision of empirical constant k merely by
means of the external astronomic and astmospheric parameters.

Let us additionally write the expression for the total mean kinetic energy
of circulation

E= 4 MU*  2:°MU* =20k 22 gor
& (5.12)

That the energy is independent of the mass of the atmosphere is a very
surprising fact calling for a fuller understanding that should be gained on the
basis of analysis of the atmospheric dynamics equations.

6. hLydrothermodynamic Equations for General Atmospheric Circulation.
Similarity Criteria.

The motion of an atmosphere and the conversions of energy in it are
governed by thé laws of preservation of momentum and mass, the first law of
thermodynamics, and the equration of state, for which we will use the equation
of state of an ideal gas:

dv - 1
5 =~ 2|eV]- Tvp-Lg I F. (6.1)
d
7% . adivV, (6.2)
dT . -
s (- NTdivV . ci (6.3)
p -2, (6.4)

K

in which V is the velocity vector, w is the vector of spin of a planet, p is the
atmospheric density, g is the acceleration of gravity, F are the mass forces,
generally construed as meaning friction, viscous in precisc equations or
turbulent in meteorological research, k = ¢ /cv is the adiabatic exponent,

T is temperature, Q is the heat flux per unit mass, R is the universal gas
constant, and p is the mean molecular weight of the atmosphere.

One of the main difficulties of meteorology lies in adequate description /28
of heat flux Q. In an ideal atmosphere the heat flux may in the first approxi-
mation be represented in the form of the . ierence between the incident solar
radiation and the escaping thermal radiation (Lorenz, 1967)



Q - qf("- %, 2. t) —sT*, (6.5)
in which q = qo(l - A)/4, and function f(¥, ¢, z, t) allows for the geometric

illumination conditions — the dependence on latitude 9, longitude ¢, and the
time of year and day t, and the relationship between absorption and altitude
z. On the basis of the results of laboratory experiments (Section 3), we dis-
regard heat fluxes deriving from phase transitions in the atmosphere and from
turbulent transfer, which is less than the advective or of the same order as
the latter. This approximation is also favored by the results of numerical
experiments relating to simulation of the general circulation of the Earth's
atmosphere, which make it possible to obtain in the main plausible pictures of
circulation with no allowance for these factors.

Formula (4.3) provides a natural scale of temperature based on astronomical
factors alone. If the gaseous composition of the atmosphere and the value of
the mean molecular weight are known, it is possible to determine the natural
velocity scale

wRT,\'s
¢ =c, = (2= (6.6)

in which Cq is the velocity of sound corresponding to temperature Te. In (6.1)-

-(6.3) we normalize the velocities to quantity c:

U= —-. 6.7)
We indicate the space coordinates in units of the planetary radius r,
B (6.8)

and time

¢l L (6.9)

‘e

The density and pressure are normalized to their values at the surface of
the planet:

2

p - 2 :

ps’ Ps (6.10)
with
P, € __ ¢
AT (6.11)

in which a = Te/Ts <1 ('I’s is the typical surface temperature; the difference

between TS and T. in formula (5.7) is disregarded). We also introduce @ = wn, /29

1
g = gk, in which n and k are unit vectors. In the dimensionless variables in
system (6.1)-(6.4), there appear dimensionless numerical parameters termed
similarity criteria because, if the numerical values for two planets are equal,
the equations will be identical in both cases, that is, the circulation pictures
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will coincide to the precision of the scale factors, and they will be similar
in their dimensional variables.

In dimensionless variables equation (6.1) assumes the form

4y ve k ’
v 2i1. [nU] — T + A, t+ F', (6.12)
M - =, (6.13)
- - RL._H
€ xrg  pgr  r° (6.14)

In this instance IIm is the dimensionless rotational similarity parameter,

termed the rotational Mach number. It equals the ratio of the linear velocity
of rotation of a planet at the equator to the velocity of sound, Cor Another

meaning of this parameter is the ratio of the radius of a planet to the Obukhov
scale, LO’ defined as ce/w (see (5.2)).
The second similarity criterion, Hg’ is the ratio of the altitude of a

homogeneous atmosphere H to the radius of the planet r. We take into account
the well-known fact that large-scale motions are quasistatic, that is, vertical
acceleration is small in comparison to g. Equation (6.12) for the vertical
velocity vector component is then replaced by the hydrostatic equation

ligky'p” 2/, (6.15)
while Hg will not enter into the other equations. Thus iis value affects only

the vertical pressure distribution and the vertical velocity value.

It zan be found by analysis of the equation of discontinuity that the
typical vertical velocity value is

W~ .. (6.16)
More precise analysis allowing for the spin of a planet, that is, criterion
nw, shows that relation (6.16) is the top estimate for W (Kibel', 1957). It is
obvious that for all planets Hg << 1, that is, the vertical velocities are
small in comparison with the horizontal ones; hence the motioi. are quasihori-

zontal.

Let us average the energy balance equation (6.3) over altitude. In
dimensionless variables it assumes the form

dT' ? /4 4 14
PO T e 0, e ) - T, (6.17)
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in which T' = T/T_. Since ¢t -1 ¢,T» and T, is defined by (4.3), the /30

dimensionless factor on the right in front of the expression in brackets is
written as

e — T,
(',,T,l'M (= |){ “ (6. 18)
in which N
I]." - 3 q * .—ﬁ.‘
' ) (6.19)

The energy similarity criterion, I,, is susceptible of several different

M
interpretations. Let us first consider (6.18). The quantity Mcp’l‘e = 1 in the

denominator on the left is the heat content of the unit atmospheric column
(accurate to a factor of the order of a), and r/c = T, is the relaxation time

of pressure or density disturbances (Obukhov, 1949b) on the global scale, which
are propogated at the velocity of sound. Hence “M = qre/I. On the other hand,

as was demonstrated by Gierasch, Goody, and Stone (1970), the quantity
/ M

-

T h 3™ q"

(6.20)

is a good minimum estimate of the time of establishment of the local radiation
equilbrium in the atmosphere for virtually all gases with which we are concerned:
water vapor, COZ’ Hz, and so forth. Hence HM = Te/To is the ratio of two

relaxation times; since the mass of the atmosphere figures in determination of
Ty it is natural to term it the thermal inertia period of the atmosphere.

In the absence of atmospheric motions, and with the thermal inertia of
the atmosphere disregarded, the temperature of the latter would he determined
from the condition of local radiation equilibrium Q = 0, that is,

7, |[Ereve ol (6.21)

As is demonstrated by experience with the Earth's atmosphere, there is a
substantial difference between the distribution of the real temperaturc and
the local radiation equilibrium temperature. Hence the normalized heat flux,

Q = T': - T'4, is usually around unity. Since usually U << ¢, it may be

assumed that the requirement HM << 1 will be a condition of absence of local
radiation equilibrium from the atmosphere, and consequently will decide the
influence of atmospheric dynamics on formation of the temperature conditions.

A more detailed analysis of the situation is to be found in the article referred
to by Gierasch, Goody, and Stone (1970). Thus in the stationary case equation
(6.17) is written as

(Us) 7" =Tlu. (6.22)
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It can easily be demonstrated that in the dimensional form equation (6.22) /31
coincides with equation (5.8) derived by purely heuristic means.

Hence the basic criteria of similarity con:tructed on the basis of purely
external parameters for the general circulation of planetary atmospheres are
the rotational Mach number nw, the ratio of the altitude scale to the radius

of the planet ng, and energy criterion It The derivation of the similarity

M
criteria was first presented by the author ir 1)71. In earlier papers by the
author they had been derived simply as dimensionless combinaticns constructed

from the external parameters.

The data of Tables 1 and 2 suffice for construction of the similarity
criteria in accordance with (6.13), (6.16), and (6.19), for the planets in the
tables.

It is evident from Table 3 that the values of ng and I, are everywhere

M
small. For this reason, as was stated in Section 2, similarity is to be ex-
pected on the basis of them, that is, their precise values (or the precise
values of any parameter figuring in them) may be insignificant for determination
of certain general circulation characteristics. At the same time, the

similarity criterion based on rotation Hw is subject to wide variation. It is

small for Venus and Mercury, around unity for Earth and Mars, and large for *he
giant planets. Table 3 suggests that rotation should play a decisive role in
determining the atmospheric dynamics and that classification of the planets
according to the nature of general circulation in their atmospheres should be
made precisely on the basis of the value of the rotational Mach number nw.

TABLE 3. SIMILARITY CRITERIA OF ATMOSPHERIC CIRCULATION

FOR PLANETS
Planet n, L™ My
Mercury ) 1-10 2 85-10 ¢ >

Venus 83-10 ¢ 7610 ¢ 1-10 °
Earth 12-10 ¢ .13 L17-10 3
Mars ! 32100 105 33.10 2

Jupiter 2:4-10 ¢ 15,6 10 ¢

Saturn 5H-10-* 14,7 10 ¢

Uranus 110 3 7.5 10 °

| Neptune bl 6 1o 5

Commas indicate decimal points.

Systematic study of the role of ﬂw has been made by the author in collabora-

tion with Dikiy (1966) (also see Blinova, 1960; Longuet, Higgins, 1968; Dikiy,
1969) for the linearized problem of the natural vibrations of a planetary
atmosphere. It has been demonstrated that the eigenfunctions describing the
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form of the vibrations differ from zero in a certain zone ne.r the equator up
-1/2
W
attenuated outside this zone. In physical terms this may be construed as

meaning that at large values w the Coriolis force, which is proportional to

2w sin ¥, ex °nsively suppresses motions in the temperate and high latitudes.

This appareni.y is to be ascribed to the fact that the apparent striated struc- /32
ture on the discs of Jupiter and Saturn extend approximately only to the

latitudes of 40-50°. The higher polar regions are uniformly grey in coloration,
with no signs of poles whatever. Even the individual spots in the polar

regions appear much less frequently than in the equatorial or temperate regions
(Peek, 1958; Alexander, 1962).

to latitudes t 9, so that cos & ~ 1 , and the vibrations are rapidly

Before going on to present further material, it is appropriate to
establish the relationship between the similarity criteria indicated above and
the criteria usually employed in study of the large-scale dynamics of the
Earth's atmosphere (see, for example, Monin, 1969), for which characteristic
velocity U and typical scale L (for example, the Obukhov scale of (5.2)) are
known from observations. There is firstly the Kibel'-Rossby number

G

Ki ~a Mall.,

and secondly the Mach number

Ma = !-.
c
As we shall see later (see Sections 8, 10), these two similarity criteria

are functions of criteria HM and nw. The geometric parameter of sphericity,

L/r, usually introduced is inversely proportional to Hw, and the parameter of
quasistaticity, H/L, is proportional to Hgﬂw. Our similarity criteria are so

to speak external or primary ones, since they have been constructed entirely
from the astronomic and atmospheric parameters of the planets and make no use
whatever of observational or a priori estimates of characteristics of motion-
-like velocity, which themselves depend on definition.

The vertical temperature structure of the atmosphere characterized by the
Richardson number plays a major role in arriving at a detailed picture of the
large-scale dynamics, and in particular the position of the synoptic maximum
(see Section 2). This numbcr is a gage of the deviation of the real vertical
temperature gradient from the adiabatic. Detailed determination of the
vertical temperature structure is one of the difficult tasks of atmospheric
physics and requires a larger number of controlling parameters (in particular
the absorbing properties of the optically active gases and their vertical
distribution, and so forth) than we make use of here. Hence to all appearances
one cannot express the Richardson number in the form of a function of only
three external similarity criteria.
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7. General Similarity Hypotheses for Large-Scale Motions of Planetary
Atmospheres

The simple structure of formula (5.12) naturally suggests the idea of
attempting to use the considerations of similarity and dimensionality to deter-
mine certain mean characteristics of the general circulation of planetary
atmospheres. Methods of similarity and dimensionality have been used in study /33
of the most complex hydrodynamic processes, since there are no precise solutions
to many problems, usually nonlinear ones, in analytical form, while the
numerical solutions are difficult to survey and it is difficult to determine
the physical mechanisms from them. Many examples of use of these methods are
to be found in the books by Sedov (1971), Birkhoff (1950), Kline (1965),
Landau and Lifshits (1954), and so forth.

In use of the methods of similarity and dimensionality, the first step is
intelligent selection of the dimensional parameters and universal constants
which are the most essential for the process being studied. If the problem is
formulated in mathematical terms, as in our case, these parameters enter into
the equations and the boundary conditions. But generally speaking it is not
compulsory to have a precise formulation of the problem; it is sufficient to
restrict selection to the controlling parameters from physical considerations,
as was done by the author in the first publications on this subject (see
Golitsyn, 1970a, b).

Analysis of the physical picture of the processes studied often makes it
possible to draw conclusions regarding the insignificance of particular para-
meters, or rather regarding the insignificance of their exact values in
determination of a number of quantities sought. Such conclusions may sometimes
be made at once, and sometimes after analysis of the values of the dimension-
less criteria of the problem and clarification of their physical significance.
The conclusion regarding insignificance ¢~ particular dimensional parameters is
of course a physical hypothesis rigoroir; proof of which usually cannot be
provided. The justification of suck an hypothesis is ultimately represented
by agreement between the results obtained by its use and experimental data.

The smaller is the number of dimensional parameters, the larger is the
number of rigid functional relationships established between the unknown
quantities and these parameters. If there are n parameters, k of which possess
independent dimensions, by means of the so-called n theorem (for proof see, for
example, the books of Sedov and Birkhoff cited above) it is possible to con-
struct n - k dimensionless complexes on which our unknown quantities will
depend. If n = k, that is, if all the controlling parameters have independent
dimensions, the unknown quantities accurate to the dimensionless constant
determined in theory or empirically are algebraic monomiais of these parameters.
Experience shows that this dimensionless constant is usually on the order of
unity.

The system of equations describing the general circulation is represented
by equations (6.1)-(6.4). The controlling dimensional parameters in it are

the angular velocity of spin w[sec-l], the acceleration of gravity g[cm/secz],
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the dimensionless adiabatic exponent « = ¢ /cv, and the heat capacity per unit
mass at constant pressure cp[cmzlsecz-x]. I1f system (6.1)-(6.4) is written in

spherical coordinates, a radius vector appears up to the center of the planet.

The unit of measurement of this radius vector is the apparent radius of the

planet r{cm]. The heat flux expression (6.5) also includes the solar constant

for the planet with allowance made for the albedo, q[g/sec3], and the Stefzn-
-Boltzmann constant o[g/sec3+K*]. Lastly energy equation (6.17) also includes

the unit column mass M[g/cm?]. The physical hypothesis that we adopt may be /34
regarded as disregard of other energy flux mechanisms introducing new dimensional
constants. Arguments justifying this hypothesis have been presented earlier.

In addition, in equation (6.1) the expression for F also includes kinematic
viscosity v. However, all experience gained in study of the hydrodynamics of
large systems indicates that, at Reynolds numbers Re >> 1, the exact value of
this coefficient is insignificant, although it is precisely the molecular
viscosity that ultimately ensures dissipation of the kinetic energy to heat.

The value of p determines only the scales at which the dissipation takes glace
(see Section 2), and not the magnitude of the latter. For Earth Re ~ 102, and
for Mars Re ~ 1010. It is to be noted that in laboratory and numerical experi-
ments Re ~ 103, they nevertheless reproduce the basic features of

atmospheric circulation well. As regards turbulent friction, we will subsequently
make use of it, not as an external parameter to be assigned but as a quantity

to be determined. Similarly, the circulations are similar on the basis of the
Peclet number Pe = UL/E as well, where £ is the coefficient of r~lecular thermal
conductivity.

To recapitulate, we have 6 dimensional parameters: w, g, cp, q, r, and M,

one universal dimensional constant o, and one dimensionless constant k. The
last-named constant, as is shown by Table 2, undergoes very little change from
planet to planet; for this reason we shall exclude it from consideration from
this point onward. In theory, however, all the universal functions of
dimensionless parameters and the constants obtained below should also depend on
K, a circumstance which may introduce additional dispersion into their empiri-
cally determined values.

0f the seven dimensional quantities indicated, only four possess independent
dimensions, since four primary dimensions (length, time, mass, and temperature)
figure in their determination. Hence, in accordance with the p theorem of the
theory of dimensionality, it is possible to construct three independent dimen-
sionless complexes. We select as the latter the similarity criteria already
introduced, Hg, Hw, and HM’ the values of which for the planets are given in

Table 3.

Since Hg is small for all the planets, the hypothesis may be advanced that

its precise value in the first approximation is insignificant in determination
of the mean characteristic: of general circulation. The only parameter figuring
exclusively in Hg but not in Hw and HM is the acceleration of gravity g. Hence

29



the hypothesis regarding the similarity of certain mean circulation characteris-
tics relative to Hg when ng << 1 may be reformulated as the hypothesis of

similarity relative to the exact value of g as soon as it is “sufficiently
large"”. In Section 6 we saw that a small value of ng denotes small values of

the vertical velocities depending on ng or g in comparison to the horizontal
ones, which do not depend on Hg. Tws, for example, the total kinetic energy

of circulation need not depend on g in the first approximation. On this basis /35
we subsequently exclude g from the number of controlling parameters, assuming

it to be sufficiently large. We may note that, if the acceleration of gravity
were not to exist at all in the system (g = 0), no convection would occur, and
differential heating would not set the atmosphere in motion. The situation

here is the same as in analysis of the role of kinematic viscosity: if it were

not to exist at all, kinetic energy would constantly be increased. The small

but finite values of viscosity limit this growth, but if the Reynolds number

is large, the exact value of the viscosity is insignificant.

The following similarity criteria based on rotation Hm are understandable
in physical terms. When nw << 1, the role of the Coriolis force is small, and
w may then be excluded from consideration. But with very small values nm this
parameter begins to play an unexpected new role, which will be discussed in
Section 10.

The fact that for all the planets (except Mercury) HM << 1 makes it possible

to advance the hypothesis of similarity relative to this similarity criterion
as well, as soon as the thermal inertia of the atmosphere is sufficiently
large. This means that one of the dimensional parameters entering into nM is

insignificant, or rather the exact value of this parameter is insignificant.
Without affecting the values of similarity parameters Hg and Hm it is possible

to exclude the mass of the unit atmospheric column M, it being assumed to be

sufficiently large, so that HM << 1. This hypothesis, like the others, can be

verified only by experiment.

8. Slowly Rotating Planets with Dense Atmospheres

When Hg << 1, Hm << 1, and HM << 1 the exact values of g, w, and M are

insignificant, in accordance with the similarity hypotheses. Only four dimen-
sional quantities remain: q, cp, r, and o. From them it is possible to con-

struct a unique combination having the dimensions of temperature (which will be
the effective equilibrium temperature, Te (see (4.3.), velocity, Ce (see (6.6)),

time, Te = r/ce, and energy. The last-named ¢‘mension is of the form

L
E - 21‘!8—:Tq’6r3' (8.1)
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in which B is a certain numerical coefficient, and factor 2m has been introduced
for the sake of abbreviating certain subsequent formulas.

Even if we were not familiar with formula (5.12), we would be forced to
conclude that it is the total kinetic energy of circulation, since the total
internal energy of the atmosphere is proportional to the mass of the latter.
However, the decisive aspect is found to be comparison with observations and
numerical experiments.

Only Venus satisfies the condition of smallness for all three criteria,
but it may be assumed that, even when nw ~ 1, that is, for Earth and Mars,

formula (8.1) will not be too far from reality. In Table 4 the observed or
calculated values for E are presented for Venus, Earth, and two models of /36
Mars with two values of pressure at the surface, P = 5 and 7.5 mb (see the

references in Section 1), and theoretical values of E/B based on (8.1) for
various planets.

TABLE 4. It is to be seen that there
is also an agreement between

Pt 20 £B10—% er the theoretical and the experi-
Planet et °'8 / g mental values for Earth, and
to a lesser extent for Mars.
Venus 500 50 Calculations for the two models
Earth 60- 90 [ of the atmosphere of Mars
Mars :f‘ﬁfyiﬁb 70 with different masses even
A=LA oMb confirms the virtual independence
of the total kinetic energy

from the mass of the atmosphere.
The agreement for Venus is not

as good, although the theoretical
and the experimental results differ only by a factor of 3 on the basis of the
velocity. A detailed discussion of all the planets will be given in Chapter 3,
along with a special explanation of the reasons for the greater differences for
Mars (see Section 13) and Venus (see Section 14).

Commas indicate decimal points.

With (4.3), (6.6), ana (6.9), taken into account formula (8.1) may be
written as

1 .
[;‘:—_23(1-—1)"an2-€’¢—=73(1—1)'Q‘¢v (8.2)

that is, the total kinetic energy of the atmospheric motions is equal, correct
within unity, to the total intensity of solar radiation supplied to the
atmosphere of the planet multiplied by relaxation time Tgr

Comparison of (5.12) with (8.1) yields
B=ks, (8.3)

If the mass of the atmnsphere is known, it is possible to determine the mean
velocity of atmospheric motions
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U—(m) ”B"-c-;rQ’“;‘-,‘—=(;_—_—l) c, (8.+)

from which it follows that similarity criterion I, equals the square of the Mach

M
number, within a factor of the order of unity. As will be demonstrated in
Section 10, it is true that this interpretation is valid only for small values

.
W

Yet another useful consequence of formula (8.1) is the indep=ndence of the
mean kinetic energy of the unit volume, or, what amounts to the sane thing, the
mean wind pressure 1/2pU2, from the atmospheric pressure.

The results obtained with the aid of considerations of similarity and /37
dimensionality are restricted by formula (8.1) and its direct consequences. Two
courses may be followed in order to determine the other characteristics of cir-
culation. 1In the case of small values Hw, when the influence of the Coriolis

force is slight, transfer of heat from more greatly heated to cooler areas is
effected by direct atmospheric motions. Then the approximate heat transfer
equation in the form of (5.10) is valid; if U is known, it is possible to find
from it the typical temperature difference 8T, as well as dissipation rate ¢,
the efficiency ratio of the atmosphere n, and then the characteristic circula-

tion lifetime E E

Ty== 3 = -
dnriMe € (8.5)

which proves to equal r/2U. The circulation lifetime is found to be comparable
to the typical circulation space scale divided by the mean velocity. A situation
such as this is characteristic of large-scale turbulent mixing.

The other course lies in postulating the circulation lifetime in the form
of the equation por
ty = T

27U (8.6)

in which parameter B may be termed the degree of organization or degree of
ordering of the flux*. When B ~ 1, something which, as we have just seen, occurs

“The physical import of degree of ordering B may be clarified by the following
consideration. If the heat fluxes are excluded, the potential energy is pre-
vented from being converted into kinetic energy, the attenuation of the kinetic
energy of circulation per unit mass may be described by the equation dU?%/2dt =
= -¢, Dissipation rate ¢ has the dimension of the cube of velocity divided by
the length scale. Let ¢ = U3/Blr in which 61 is 2 coefficient making total
allowance for whatever velocity (and length) scales determine dissipation. The
solution of equation dU%/dt = -2U3/Blr with the initial condition U = U0 at

t = 0 is of the form 1/U - 1/U0 = t/Blr. Hence the er.rgy attenuation time by
n times equals tn = Blr/UO(/n - 1), that is, £ = QBI(JEWT—E). Hence the larger

the value of B, the slower are the velocities at which dissipation occurs,
that is, the more greatly ordered does the large-scale flux become.
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when nw << 1, large-scale mixing of the turbulent type occurs, and at large

values nw the flux acquires an organized structure and may reach high velocities.

This definition of Ty may also be adopted at arbitrary values Hw’ it being

found that B is an essential function of Hw. Use of energy transfer equation
(5.8) at arbitrary values no becomes ineffective, since in geostrophic motions

the temperature gradient is for the most part perpendicular tov the velocity
vector. The introduction of B makes it possible to dispense with this equation.
If the velocity and the dissipation are known, 8 may be found from the formula

B 2EU
=g (8.7)
which follows from (8.5) and (8.6). tffective determination of the value of 138

B for a number of general circulation models will be made in Section 11 (also
see Golitsyn, Zilitinkevich, 1972).
With Ty known, we further determine € and ¢, and then n and 6T, in accord-

ance with-(8.5). The structure of the formulas is the same for all the
quantities indicated:

Treg SE_ B WBRT gy
W ®Q &% T, M (8.8)

The reader can readily derive for himself precise expressions for these
quantities by means of the external paramete: and constant B. It is believed
that he will be pleased with the excellent exponents in which the parameters
in question will figure, especially energy flux q.

If the restriction of (5.5) k << 1, is remembered, it follows from formulas
(8.4) and (8.8) that at the assigned external parameter value for the planet,
there are theoretical top limits for mean velocity U, efficiency ratio »n,
dissipation rate €, or ¢, and bottom value for circulation lifetime T and

characteristic temperature difference &T.

There is yet another obvious inequality for temperature difference 6T,

this time a maximum one:

Tl (8.9)

in which ;= 1 - Tc/Te’ and TC is the condensation temperature of the gas

saturating the atmosphere. The latent heat released on condensation prevents
further drop in temperature. This inequality is of interest primarily for
Mars. For the latter TC & 150 K, and Te & 220 K; hence \f = 1/3. For Earth

Te = 90 K, the condensation temperature of oxygen; hence Yy ™ 2/3. It is

usefui to keep this inequality in mind at values H1 which are not too small,

M
when use of the corresponding expression for 8T may violate inequality (8.9).
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9. Slowly Rotating Planets with Rarefied Atmospheres

For finite values of criterion nM factor B in formula (8.1) ceases to be
constant and must be regarded as a function of HM, that is,
B=Byf(ly) f(O)=1. (9.1)
Function f(nM) should be a decreasing function of HM, since otherwise

statement of inequality (8.9) would be valid.

We shall retain approximate equation B = kll2 for quantity BO as well.
Bearing in mind that &T = BS/Z(RB)'IH;/2 Te’ from (8.9) we then obtain
J (M) < (1,8)%A"TT5%. (9.2)
As a matter of fact, f(HM) should begin to decrease fairly rapidly even at
small values HM. This can be demonstrated by calling attention to a certain
feature of the formulas we have darived. According tc (8.8) 6T *‘q9/16, while

Te “‘q1/4. The characteristic temperature of the cold part of the atmusphere,

. 7. AT T, Bl
Ty=T,—aT = T(l - —T‘*) -3 ~ag(l ey i Ha)
increases with increase in T_only up to definite values M, if fuaction f(m,,)
1/2 _ 5/16 _.5/4 . M M
M ~q ~ Te , taking (3.3) into

account, we obtain from the condition dT?_/dTe >0

is not taken into account. Since Il

L oe 16

J‘H “. Fl—- -h-l..—w =~ -é—l- k);a'-'.

(9.3)

If k= 0.1, 8 =1, then ﬁh < 0.06; if k = 10-2, a circumstance we shall
later see to be characteristic of Mars, then HM < 0.02.

Thus if no allowance is made for function f(HM), an unnatural picture may
he obtained even at small values HM: flow cf heat toward the planetary
-tmosphere way lead to drop in tem.erature, say at the poles, and vice versa.
In order for this not to take place, function f(nM) must begin to decrease
fairly rapidly with increase in HM’ at any rate earlier thaa HM reaches several
hundreds.

Mercury may prove to be a planet for the atmosphere of which My >> 1. Large

values HM correspond to low atmrspheric density; hence it is necessary to make

certain that the Reynolds number remains fairly large and does rot thareby
violate the similarity relative to kinematic viscosity v. If Re = cr/v is
selected, the condition Re >> 1 will be equivalent to the requirement of

a short mean free path I in comparison to the radius of the planet, inasmuch as
v ®cl,

34

/39



In the work of Gierasch, Goody and Stone (1970) referred to earlier, it was

demonstrated that the case HM >> 1 corresponds to the presence of local radiation

equilibrium in the atmosphere determining the horizontal temperature distribution,
to which the atmospheric dynamics is adjusted. In addition, a rarefied

atmosphere transfers too little heat to play a substantial role in establishment
of temperature distribution.

On the basis of general considerations regarding the possibility of
existence oi circulation similarity conditions at HM >> 1 and the requirement

of fairly rapid decrease in function f(HM) with increase in HM’ the author

(see Golitcyn, 1970b) proposed the asympt.tic function f(HM) ~ n§7/5 when

“M >> 1. This function is> obtained on the assumption of similarity of the

general formula for kinetic energy, (8.1), to the value of B in accordance with
(9.1), relative to energy flux q, q being assumed to be fairly large, so that

the value of HM ~ qs/8 is large in comparison to unity. At the present time

there are no data whatever arguing for or against this hypothesis, but from /40
the physical standpoint it remains possible for the time being. Such data couid

be obtained only by numerical simulation of circulation on a hypothetical

planet with HM >> 1, but HM << 1,

10. Similarity of Circulaticn with Rotation Taken into Account

Let us consider planets having a finite rotational simiia.. [ « ‘te’ion
nw but a small energy criterion HM' We again use the basic formula for thre

total kinetic rnergyv of circulation, (8.1), which does not depend on HM’ but
now constant B will be assumed to be a function of nw, that is,
B B.fi(1.), fi(1LY =1 ¢op Il 7 1, Boz k. (10.1)

It follows from the general considerations regarding the stabilizing role
of rotation that function fl(nm) should inciease with increase in Hu, since at

high speeds of rotation the development of disturbances in the flow is retarded
and the scales of these disturbances are reduced; at the assigned energy
(and dissipation) flux the mean flow becomes more ordered and may reach high
velocities.

In the case of arbitrary values of Hm the form of function fl(nm) cannot

be deteimined, and explicit formulas are not obtained for the characteristics
of atmospheric circulation, as they were in Section 8, but the relation U ~ ral ~

~E~pn~§T~ M'l/z, €~ M3/2 is retained here.

With Hm < 1 we shall cenfine ourselves to the first terms of development

of function fl(nm) into a Taylor series:
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fiL)=1 {-all2, a>0. (10.2)

The term commensurable with Hw must be small or altogether absent, since

change in the sign of w, that is, in the direction of rotation, should rot
change the circulation characteristics (such terms may exist whenever the
period of rotation is not small in comparison to the annual period or when
large-scale asymmetric orography is present). As we shall see later, in
analysis of observational data for Earth and iumerical experiments for Mars,
function fl(nm) may in reality be fairly well approximated by relation (10.2)

with a = 1. The model estimates of Section 11 demonstrate that function fl(nw) ~

~'ni may be satisfied also at larger values Hm. We may note that here as well

~ 72
g Ilw.
However, an unpleasant situation of a very special kind may be anticipated
at very small values of nm. The trouble is that small values nm correspond to

solar days of great length, and the dark sicde of the planet may cool off more
than the poles during the long night, and then the circulation picture

is altered: circulation will be directed mostly from the light side to the
dark and not from the equator toward the poles. The scale of circulation will
in this inscance increase to .r; other conditions being equal this should lead
to increase in the velocities, or in our terms in function fl(nw)’ The

criterion for existence of a particular set of circulation conditions can be /41
obtained by comparing ST referred to the distance between the pole and the

equator (see the last formula of (8.8)), with the change in temperature during

the night resulting from cooling of the atmosphere. If the length of the night

7 is much shoiter than the thermal relaxation time of the atmosphere, i (see

6.20)), then

- 1
Ty ~AT =T,
d T e ‘:n rc

- (10.3)
Comparing this estimate with 8T obtained from (8.8), we obtain
G M ity
I~ ~%n_- (10.4)

In G << 1, a major role in circulation is played by the coll poles, and
in G >> 1, the decisive role is played by the temperature difference between
the daytime and night*ime hemispheres.

For very large values Hw the author (see Golitsyn, 1970b), on the basis of

the possibility of existence in this instance of similarity conditions and the
requirement of afl/anw > 0, that is, increase in circulation energy with

acceleration of rotation, proposed the formula

(10.5)
fillla) ~TIa,
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but because of the small amount of observational material available it is for
the time being not possible to confirm (or reject) this formula, and with this
we shall conclude our discussion of rotating planets.

11. Other Estimates of Global Circulation Characteristics Based on Various
Hypotheses Regarding the Nature of Dissipation

On the basis of similarity hypotheses formula (8.1) was established in
Section 8 for the total kinetic energy of circulation. Employment of the thermo-
dynamic expression for the mean specific rate of dissipation of kinetic energy,

e — formula (5.4) together with the hypothesis regarding the nature of mixing
expressed by formula (8.6) — permits estimation of ¢ and typical temperature
difference 8T in accordance with (8.5). These considerations, supplemented by
simplified heat transfer equation (5.8) or (6.22), make it possible to obtain
all the results even without use of similarity hypotheses as was done in
Section 5.

In Section 5 and subsequently it was assumed that the basic dissipation
of kinetic energy takes place in the free atmosphere, and that large-scale
mixing obeys the Richardson-Obukhov law. There are no grounds for considering
these assumptions to be everywhere valid: for the Earth's atmosphere, for
example, they may be regarded only as an approximation. We know that in the
Earth's atmospherc around 1/2 or more of the total dissipation is accounted
for by the boundary layer of the atmosphere (Zilitinkevich, 1970). Atmospheric /42
turbulence of the largest scale obeys the "k 3 law" (see Section 2), and
although this does not contradict the statement that large-scale relative
diffusion obeys the Richardson law, the situation nevertheless still remains vague
and completely universal applicability of formulas like (5.6) doubtful.

Thus it is of interest to consider a case in which the bulk of dissipation
is accounted for by the boundary layer of the planetary atmosphere. In this
instance the laws governing resistance for a boundary layer are replaced by
hypotheses regarding the nature of mixing, and employment of the thermodynamic
expression for € and the simplified heat transfer equation obtained under very
general conditions makes it possible to complete the problem. The nature of
the boundary later depends on the speed of rotation of the planet, and so here
as well we shall classify these layers as a function of the value of the
rotational Mach number, Hw. In restricting ourselves to allowance for

dissipation in the boundary layer alone, we of course will be dealing with
rather idealized models, but a formulation of the problem such as this intro-
duces a certain amount of clarity into understanding of the basic mechanisms and
the nature of the quantitative relationships of the general circulation of
planetary atmospheres.

In the second part of the section consideration is also given to various
hypotheses, again differentiated as a function of the value of Hw, regarding

the nature of mixing and heat transfer, when the bulk of dissipation takes place
in a free atmosphere, that is, a fairly deep one such as the atmospheres of

the large planets. This section follows the article by Golitsyn and
Zilitinkevich (1972) in content.
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A. Dissipation in the Boundary Layer

A.l. Slow Rotation

When nw << 1 the rotation is insignificant and circulation of the Hadleyan

type is to be anticipated, when heat advection takes place at the velocity of
the basic flow U in the direction opposite temperature gradient &T/r. Then in
place of (5.8) we may use simplified equation (5.10)

c,MUST = gr. (11.1)

The mean rate of dissipation of kinetic energy in the atmosphere per unmit
of mass of the atmosphere equals, in accordance with (5.4),
e .kl 9
e 'kT,'M‘ (11.2)
The local rate of dissipation of the energy of mean motion due to friction
in the boundary layer is expressed by the formula (see Zilitinkevich, 1970)
.«
&= — (5 ) (11.3)
in which u and T are the horizontal wind speed vector and the vertical momentum /43
flow, p is the atmospheric density, and z is the vertical coordinate. If the
bulk of dissipation does in fact take place in the boundary layer, the dissi-
pation value which is the mean for the entire depth of the atmosphere is ex-
pressed in the form

i R
L ATT(.".(t-‘;—';)dz. (11.4)

.

¢

Integration has been garried out here by parts, with allowance made for
the boundary conditions: u = 0 when z = 0 and © > 0 when z » =, The basic
contribution to the righthand member of (11.4) is made by the surface boundary
layer integral 0 < z < h, within the limits of which momentum flow
T is approximately constant in altitude (above this layer changes in speed
with aititude are not as significant, and t decreases sharply). Designating the
modulus of velocity at altitude h by U, and the gas density and momentum flow
modulus at the surface of the planet respectively by o and Ty and utilizing

the coefficient of resistance
€0 = S (11.5)
we find
M comU?. (11.6)

Now setting the wind speed at altitude h to be identically equal to the
typical speed value in the atmosphere, from (11.1), (11.2), and (11.6), taking
into account the formula P = gM/R'TS (TS being the characteristic surface

temperature of the planet and R' = R/u the specific gas constant) and cp/R' =

= k/k - 1), we obtain
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‘,.1|_k_rq'-’
U o M

(11.7)

To be more precise, the righthand member should also include the factor

I I

TJ \—I.Tua.

Parameter a has already been considered in Section 5.8. For atmospheres
which are not very dense this factor is only slightly smaller than unity and
it need not be written out.

In accordance with (11.7) we have the following expression for the total
kinetic energy of circulation

o e o = [T l‘: k“"’r/‘
E = 2erMU a_znp_;w) ) == (11.8)
As was the cas. .rlier, the expression here for energy again does not
include the mass of :! : atmosphere, but unlike (5.12) or (8.1) expression (11.8)
now depends on g and does not depend on the heat capacity of the gas. We /44

designate by E_ the energy defined by (8.1).

0

Comparing (11.8) and (8.1), (8.2) and (6.14) being taken into account,
we find

; (11.9)
Coefficient of resistance o depends on the vertical stratification of the

atmosphere, but not too heavily, varying by no more than one-half order of
magnitude even in the case of extreme departures of the stratification from the
neutral (Zilitinkevich, 1970). 1In the case of neutral stratification o = «2/1n?

(h/zO), in which x = 0.4 is the Karman constant and z_ the roughness

0
altitude. For rough estimates it may be assumed that <o = 10-3. According to
Table 3, for all planets Hg ~ 10-3; hence E/EO = 1, that is, the two formulas
(8.1) and (11.8) will yield virtually identical values of the total kinetic
energy of circulation.

The approach presented makes it possible to find parameter 8, the degree

of ordering of large-scale motions defined by formula (8.7). It is found to
equal

ot (11.10)

If it is considered that Hg i o’ R~ a'l, that is, B may be of the order

of unity or slightly larger. In Section 8 this followed from the hypotheses
regarding the nature of mixing and from the heat transfer equation.

Typical temperature difference 8T can be determined without difficulty
by means of equations (11.1) and (11.7). When we compare this difference with

39



the corresponding expression derived from formula (8.8), which we designate

as GTO, we find that

57‘_\ e, \4
ﬁi”-a(nﬂ*- (11.11)

a value also near unity being obtained.

Thus both approaches yield virtually the same results when ng =~ 10-3. In

order to clarify the range of applicability of each of them it would be of
interest to simulate circulation on hypothetical planets with values of Hg

differing greatly from 10‘3. It is natural to assume, and this is confirmeg by
simple calculations (see Golitsyn, Zilitenkevich, 1972), that when Hg << 1073

the relative role played by the boundary layer decreases, and_then formula (8.1)
is valid, while the opposite situation prevails when Hg >> 103, and formula

(11.8) is found to correspond more closely with the actual conditions.

A.2. Rapid Rotation

If the value of nm is not small, the term including the Coriolis accelera-

tion becomes essential in the motion equations. The motions in the free

atmosphere will be near the geostrophic ones, and the planetary boundary layer

will be of the Ekman type. Systematic motions in the atmosphere acquire a /45
near nature zonal. In such zonal flow the meridional flows may arise as

a result of turning of the wind with altitude in the Ekman boundary layer. In

the following estimates of a particular point we will assume that it is precisely
this velocity component that effects the basic heat transfer along the meridian,
and will discuss the consequences of such an assumption.

We will make use of the Ekman equations (see Zilitenkevich, 1970):

* /g3
up0 -+ 0, —2up(u—U)i =X -0, (11.2)
in which u and v are the latitudinal and meridional velocity components, U is
the geostrophic speed or typical speed of the wind in the free atmosphere,
motion in which is assumed to be purely zonal, T and Ty are the latitudinal

and meridional components cf the momentum flow, and w, =W sind is the projection

of the vector of angular rotational velocity of the planet in the vertical
direction. The first of equations (11.2) yields the following estimate of
the mean meridional speed for the atmosphere:

~

-
L/::-Zié<vpdz~

I 1)
Mo, T Mo

(11.13)

The component of frictional stress at the surface, 1 figuring in this

x0’
equation may be estimated with the formula
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T = Ce UP. (11.14)

In this formula < is a coefficient of resistance of the form ¢, = cz cosy,

in which cg is the geostrophic coefficient of friction and y the wind shift

angle in the boundary layer. Let us assume that on the average the stratifica-
tion in the boundary layer is near the neutral. Then <y will depend only on

the value of the Rossby number, Ro = U/wzo. In accordance with the resistance

law for an Ekman boundary layer (Zilitenkevich, 1970), this dependence is found
to be rather slight, since on change in Ro cé and cos y are opposite in

behavior. For rough estimates ¢ may be assumed to be constant and to be

approximately equal to 10-3. Using the equation of state and formulas (6.14),
(11.13), and (11.14), we obtain

V ~ ceall:

rolly " (11.15)

Heat transfer equation (6.22) or (5.8) may in the case under consideration

be written in the form
vil L e
r Mep, (11.16)

Expression of dissiﬁationﬁby means of the wind speed remains to be done
in order to complete the system. For this purpose we substitute in (11.3)
arxlaz and ary/az from Ekman equations (11.12). After simple conversions we /46
obtain the precise formula
o=,

e (/=
Ia 0z’

from which it further follows that
‘ ‘- J.‘. -
ex g [opde Uan s el (11.17)

h rfly ~

Formulas (11.2) and (11.15)-(11.17) now make it possible to obtain all the
estimates desired. In particular,

=y p'ls s s '
U= ﬂ—-‘—’c-/—’i— Ml il e, (11.18)
Ve B g C;‘ n:ﬁ . (11.19)
PSR T
(x - D)o (11.20)
\JT: . . V], nll'nl' Ilal’ T’. e
K gl a'ls c‘I_, '] Wl L.

The basic contribution to the total kinetic energy of circulation will be
made by the zonal component. Hence E = 27r2MU2. The ratio of the energy to
the value of E0 yielded by formula (5.12) will be
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—~

E
E, ~

(x— )b (": )‘ g
O _—t (11.21)

Cx

The degree of ordering, B8, is found to equal 8 = ng/cxa, that is, again

proves to be of the order of unity.

If the values of the parameters corresponding to Earth are inserted into
(11.21), we obtain E/E0 = 4. At the same time, function fl(nw) estimated on

the basis of (10.2) with a = 1 yields E/EO = 3 for Earth. In precisely the

same way formula (11.20) overstates the actual temperature difference, 8T, by a
factor of approximately 2. The cause of these discrepancies is clear: we have
failed to allow here for the meridional heat transfer in the atmosphere due to
large-scale eddies, and as a result the values of U and 6T, which are related

to each other exclusively by means of the Ekman wind shift in the boundary
layer, is inevitably overstated in comparison to the case in which the mechanism
of transfer in the free atmosphere is also included. However, formulas (11.18)-
~(11.20) may be of interest as extreme estimates.

A.3. Boundary Rapid Rotation Conditions

As the speed of rotation of a planet increases, according to (11.18)-(11.20)
U and ST will increase and V will decrease:

U -~ ll)‘l"' v ~ m_‘l", aT ~— m"’.

At the same time, for 8T there is the obvious restriction of (8.9), which Lil
indicates that the atmospheric temperature in the coldest parts of the
atmosphere cannot drop below the condensation temperature of the gases saturating
the atmosphere, owing to the release of latent heat of condensation. For this
reason the formulas in question cease to be accurate at large values w. With
increase in w the meridional exchange is increasingly impeded, and this should
lead to decrease in the temperature difference between the equator and the poles
8T, but then the actual temperature dissipation will be nearer that determined
by radiation alone, that is, equation (5.8) ceases tc be valid. However, a
maximum estimate of the mean speeds may be obtained even without this equation.

o~

Since in the case of very rapid rotation it is to be expected that GT/Te =~

& ] (see the end of Section 8), we write formula (11.2) in the form

c n"%%' (11.22)
in which np = k6Tmax/Te. From (11.22) and (11.17) we immediately find
ollglly, 5
U:(v-—l)--"-(f—(“';l) c. (11.23)
from which, since np < 1, we obtain
L,
U -2 e (11.24)
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For Earth, if it were to rotate much more rag1dly with the values of the
other parameters constant, that is, ng s c =10 °, II %10 3, and ¢ = 300 m/sec,

in accordance with (11.24), U < 40 m/sec.
By means of (11.15) it is also possible to estimate the mean meridional
velocity component V: on the increase in the speed of rotation it will decrease

as m_l. No quantitative conclusions may be drawn regarding the behavior of
characteristic temperature difference §T. It may only be anticipatgd that with
accelerated rotation the poles will be colder and the temperature at them will
approach a value determined by the local radiation equilibrium conditions.

B. Dissipation in the Free Atmosphere

B.1. Slow Rotation (Hw << 1)

In keeping with Kolmogorov's idea (1942), the specific dissipation of
kinetic energy may be estimated by means of the formula
ex L, (11.25)
in which U' is the characteristic speed in large-scale disturbances of extent
L. In the case of slow rotation U' will be commensurable with mean wind speed
U, and L with the radius of the planet r. Then by means of (11.1), (11.2), and
(11.25), we obtain formula (5.12):

Ex2=k soc, qr

The derivation of this expression for the total kinetic energy is entirely /48
equivalent to that used in Section 5. In this case, in accordance with (8.7},
8 =1.

B.2. Rapid Rotation (Hw > 1)

In this instance the spatial dimensions of the basic disturbances are
estimated (obviously as a maximum) by the Obukhov scale, which it is convenient
to apply here as

c

L--—.
o (11.26)
The_typical speed in such disturbances may be estimated on the basis of the
mixing path theory:
ol’ U cU t

U=l =L o= (11.27)

in which y is the coordinate in the meridional direction. Inserting (11.26)
and (11.27) in (11.25), we obtain

L s {3

M TE 'ﬁi?' (11.28)

The regular meridional component of speed should be very small in the case
of rapid rotation, since, if the wind shift in the Ekman boundary layer is
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disregarded, the basic heat transfer will be accomplished by large-scale eddies.
This process may be described in simplified fashion by means of modified
equation (5.8): —
oTT

M= =4 (11.29)
(T' is the temperature disturbance, the bar over it denoting averaging), in
which the large-scale eddy heat transfer on the average for the entire thickness
of the atmosphere approximately equals the flux of escaping radiation.

Estimating T' on the basis of the formula T' = L4T/r, which is analogous
to (11.27), and assuming that the correlation between U' and T' is sufficiently
large’,we reduce equation (11.29) to the form

20T
M, UL 25 =~ q. (11.30)

Formulas (11.2), (11.28), and (11.30) form a closed system for determination
of the characteristics sought. In particular, from the system we find:

U= (ka)*N%MMac, (11.31)

E = 2xr*MU? = 2= (ka)%a%c; Mg rie?.
(11.32)
Comparing the formula last given with (5.'2) or (8.1) and taking (8.3) into
account, we obtain .
E 2
E =1Ia.
(11.33)

This formula provides additional justification for relation (10.2) and
shows that the latter may be valid both when Hw << 1 and over a certain range of

values T > 1,
w
For 6T and ¢ we obtain the expressions
nea,
{ha)"

8T = T, (11.34)

e = (ko) 1131 L4 (11.35)

according to which both values increase with increase in Hw. The formulas in
question may not be accurate at very large values Hm, since otherwisz statement
of inequality (8.9) would be violated (the situation is the same as in Section
A.3).

From (8.7), (11.31), (11.32), and (11.35), we obtain the expression

(11.36)

=11,

SA discussion of the role of correlation coefficient kU'T' is given by Golitsyn
and Zilitenkevich (1972).
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that is, B in this particular model depends only on Hw and increases with

acceleration of rotation, as was predicted qualitatively in Section 8 (see the
note on page 37).

B.3. Limiting Rapid Rotation Conditions

By means of formulas (11.22), (11.25)-(11.27) we find

=15 N, (11.37)

from which we derive
F~ 2111‘:“ a'/.c; ‘tq‘i M!i,-‘m“’a_
(11.38)

Comparing this equation with (5.12) we obtain

E g (11.39)
BT ey
Hence, in contrast with the results of the theory of similarity and the
preceding subparagraphs of part B of this section, the total kinetic energy
of the atmosphere is again found to depend on the mass of the atmosphere under
limiting conditions, as was the case in subparagraph 8.3. The same considera-
tions advanced in subparagraph 8.3 may be advanced here for the values of &T
and €.
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CHAPTER 3. APPLICATION OF THE THEORY TO VARIOUS PLANETS OF THE /50
SOLAR SYSTEM AND TO THE SOLAR ATMOSPHEFRE

12. Earth

The circulation of the atmosphere surrounding us is the only item about
which we have quantitative information obtained with any degree of accuracy
from observations (see the beginning of Section 3). However, as we shall see
later, this accuracy leaves much to be desired. For the rapidly rotating Earth
nw = 1.43 according to Table 3. Hence in formula (8.1) coefficient B incor-

porates function fl(ﬂw). The available data permit estimation of B0 or k and
fl(nw = 1.43), and also of B separately. Consequently, although Earth is not

the most suitable body for estimation of the constants of the theory, we have
nothing better to work with.

The value of k may be found from expression (5.4):
T M
o ¢ Y 1d
Let us turn first of all to the distribrtion of temperature in the
atmosphere of Earth. The book by Lorenz (1967) presents meridional sections of
the mean temperature plotted by Palmen and Newton (1969) on the basis of a large
volume of experimental data. From these sections it is possible to compile a
table of temperature values for the North Pole (NP), equator (E), and South
Pole (SP) for two isobaric surfaces: 1,000 mb (surface of the Earth) and 5,000
mb (mean level of the atmosphere} and two characteristic months of the year
(Table 5).

(12.1)

It follows from this table that T1 = 300 K, on the average for the year

GTS = 45 K, 8T = 35 K. Then Nig = 45 K/300 K = 0.15. We may note that we
would commit only a small error if we were to assume that Nid ~ GT/Te = 35 K/25
K = 0.14. The value of Niq may be assumed to be fairly definite, something

which cannot be said of the rate of dissipation or ge..eration of kinetic energy
'mass €. A summary of the dissipation values in the unit atmosphere column and /51
on the average for the entire atmosphere is given by Lorenz (1967), where it

is designated as D and is given in wt/m2. It may readily be seen that this

value is approximately equal (only for Earth, where M & 103 g/cm?) to the value

of ¢ in cmz/secs, that is, the dissipation per unit mass. Determination of the
total mean value of D from the empirical data is a difficult task owing both to
the incompleteness of the data themselves and to the absence of direct methods

of calculating D. Thus usually it is not D that is calculated, but rather the

value of C, the rate of conversion of total potential energy to kinetic energy,
which equals D on the average over a fairly lengthy period.
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TABLE 5. CHARACTERISTIC TEMPERATURE
(TN KELVIN) OF THE EARTH'S ATMOSPHERE

Isobaric n | E | sp| NP | E [sP
surface, mb
January July
1 1000 245 | 300 | 265 | 273 | 300 |} [240
500 230 | 273 | 238 | 250 | 267 | 225

The estimates of Brunt (1926), Oort (1964), and Kung (1966) are notecworthy:
€ equals respectively 5; 2.3; a:ud 7.1 cm?/sec3. It is true that the last value
was otrtained exclusively on the basis of data above North America. Wiin-Nielsen
(1968) subsequently obtained the value € = 6.4 cm?/sec3. We may further mention
(see Section 5) the estimates of Palmen (1959), according to which the mean rate
of generation of kinetic energy of the atmosphcre eq als 4 cm?/sec3. In order
to be definite we will select precisely this mean figure, but it must be
remembered that the error may reach as much as +50%. Then n = eM/q = 1.8-1072,
that is, k = 0.12 = 0.1.

As has already been pointed out, the value of the total kinetic energy
of the atmosphere apparently undergoes seasonal fluctuations. We follow Oort
(1964) and set E = 7,5°1027erg, and in doing so we according to Lorenz run
the risk of committing an error of about 20% or more. At this value of E the
mean rate over the entire atmo<phere equals 17 m/sec. Using this value of E
and the value E/B = 7.7+1027 erg given in Table 4, we find that B = Ofl(nw) =

= 0.97. Assuming B0 and k to be connected by relation (8.2), we find that

B, ~ k/2 = 0.32, that is, £,(1 = 1.43) =3

Let us further ¢ :termine the value of ordering parameter B on the basis of
formula (8.7). For the values adopted by us 8 = 2.0. The characteristic
"lifetime" of circulation Ty = E/€ = Br/2U = 3.4*105 sec = 4 days, that is, if
the supply of energy to the atmosphere were to be discontinued, and if ratio
E/(3E/3t) = E/€ were to remain unchanged, in four days the energy of circula- /52
tion would decrease by e times.

Establishment of the values of the constants of the theorv and the
approximate course of functien fl(nw) makes possible a rough presentation of

the possible modifications of the Earth's climate on change in one or another
"external' parameter. Our approach is, of course, a highly simplified one
which fails to allow for the numerous feedbacks existing in the atmosphere
(see Monin, 1969), such as that regulating the role of evaporation and cloudi-
ness, but all this probably is essential in the case of not overly abrupt
changes in the '"external parameters'. In the case of extensive modifications
our theory can probably provide a more or less correct answer.

We have seen that one of the basic factors determining the general circula-
tion and climate is the spin velocity of the planet w. We know that w decreases
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constantly for Earth as the result of the tidal evolution of the Earth-Moon
system (Monin, 1972). At the present time the length of the day is incr~asing
vy 1.7 m/s per hundred years. Around one hillion years ago the day was
approximately 5 hours shorter, and it is possible that several billion years
ago there was in the history of iarth a brief period during which the days
lasted about 5 hours. Cn the other hand, in 5.3+10° years, according to
MacDonald (1964), the length of the day will reach one month, after which the
month will become shorter than the day, and tidal friction will cause the Moon
to fall to Earth in a rather short period (7:108 years).

If the composition of the atmosphere and the other astronomical factors
are assumed to be invariable, it is easy to follow the evolution of climatie
caused by rotation. Let us take formula (10.2) with the value a = 1. Then
in the past the winds must have been much stronger and the poles appreciably
colder®. On the other hand, warming of the polar regions is to be anticipated
?/2 32 & t, that
is, the temperature difference between the equatorial and the polar regions will
be only approximately 10 K. The minimum mean wirds will be approximately 9
m/sec, while at the present U = 17 m/sec.

K

in the future, since 6T ~ f (Hw). The maximum decrease in 6T = 3

For Earth the criterion of occurrence of a particular type of circulation
G as defined by formula (10.4) at the present time equals 0.07, that is, no
substantial role is played by the temperature difference between the daytime
and the nighttime hemispheres. However, when in several billion years the day
comes to equal 2 weeks or more the situation will change; during the lengthy
weeklong night the atmosphere will cool by more than 10 K and the circulation
will be oriented from the daytime toward the nighttime side. Increase in the
circulation spacc scale to IIr also results in appreciable intensification of
the wind.

13. Mars

Let us assume that we are living in 1964, that is, that we possess the
astronomical data on the planet and have just learned from the flight of
Mariner-4 that P &~ 5 mb and that the atmosphere consists chiefly of COZ' What

may then be derived from the similarity considerations? For Mars HM ~ 3.3-10'2
and nw = 10.5 at this figure. At first we will set rotation aside, assuming
k = 0.1. We may note that, accoruing to the results of Section 9, Pm = 0.033
is not so small, and consequently the influence of decrease in function f(nm)

and the utilization factor may prove to be substantial. Hence the estimates

6However, it must be borne in mind that during the polar night the temperature
at the high latitudes cannot drop below -183°C, the temperature of liquefaction
of oxygen (or slightly lower than the liquefaction temperature of nitrogen).
The situation will be the same as on Mars. The release of heat of condensation
prevents further lowering of the temperature (see the end of Section 8.
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made in what follows on the basis oi the formulas in Section 8 may be —=rarded
as exaggerated. Then with rotation not taken into account we obtain E * 2+1026
erg, U = 45 m/sec, T 1 day, € = 150 cm?/sec3, and 8T = 75 K at the mean

level of the atmosphere. Taking HO &~ 1, that is fl(nw) = 2, intc account, we

might say tnat the winds there are surely around 60 m/sec and that 8T = 100 K,
and are known to be more than 100 K on the surface. This suggests that tne
polar caps may consist of dry ice,

The calculations by Leovy and Mintz (1966) show that our predictions are
not tu. far from their results. It is true that we have exaggerated the speed
by a factor of approximately 1.5, but when it is remembered that estimates of
the kinetic energy of circulation differing by a factor of 2 .re encountered
even for the Earth's atmosphere (see Lorenz, 1967), this forecast for Mars
may be acknowledged to be satisfac.ory. In addition, our estimates are probably
exaggerated.

L.et us examine in greater detail the results of the second numerical
experiment conducted by Leovy and Mintz (1969) on simulation of the circulation
and climate of the Martian atmosphere. In this experiment calculations were
performed for detailed maps of the distribution of wind, r-essure, and
temperature, and all the integral a:ud mean characteristics we require are
given: total kinetic energy of circulation, efficiency of the atmosphere n, and
the mean meridional temperature sections. All the calculations were carried
out for the winter solstice in the northern hemisphere and the autumnal equinox
in the southern hemisphere. In consequence of the ellipticity of the orbit of
Mars. the heat flux values differ apprec’ably in these two cases. The pressure
at the surface was taken as equalling 7.5 mb, the partial pressure of CO2 being

5 mb and nitrogen accounting for the remainder. The i.itial temperatures in the
atmosphere and on the surface were assumed to equal 200 K.

The calculation of circulation was performed for 25 days.

Condensation of the atmospheric carbon dioxide {(at 146.4 K, if P, = 7.5 mb)

began during the period of the equinox in both polar regions on the surface of
the planet, and during the perind of the solstice in the vicinity of the North
Pole; a more or less stationary level of kinetic energy of circulation was
established on the tenth day. However, strictly stationary circulation is not
to be assumed, since in winter the mean atmospheric pressure decreases owing to

condensation of CO2 at a rate of 0.011 mb per day, that is, during the Martian /54

winter 20-25% of the entire atmosphere may settle in the polar cap. The latter
situation is in agreement with the simple estimates made by Leighton and Murrey
(1966), who substantiated the idea that the polar caps may consist of dry ice.
The rate of condensation is an order of magnitude lower during the period of the
equinox. Since at least one of the caps is always in existence on Mars, the
actual amplitudes of fluctuations in atmospheric pressure is apparently less
than 20%. The large flux of mass toward the cold pole and the large meridional
temperature gradients in the winter hemisphere, owing to the Coriolis force,
result in the development there of strong winds. In the summer hemisphere the
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winds are sligh® owing to the small temperature gradients. The nature of
temperature distribution and the varying ccndensation rate represent the
chief causes of the difference in circulation characteristics during the two
periods under consideration.

The bhasic mean circulation characteristics with which we are concerned
are given in Table 6 for the periods of the solstice (S) and the equinox (E).

TABLE 6. BASIC THEORETICAL CHARACTERISTICS
OF CIRCULATION OF MARTIAN ATMOSPHERE FOR TWO PERIODS
(ACCORDING TO LEOVY AND MINTZ, 1969).

,| [ e
i 1
; : . .
S TN L 166 250 ! e | 26 1o .’ 0
E a6l 647 053 215 i 6 L2 N i

Commas indicate decimal points.

Attention is attracted by the fact that the value of the utilization factor
is more than an order of magnitude smaller than the corresponding factor for
the Earth's atmosphere. This is due to the poor 'greenhouse" properties of the
Martian atmosphere, as a result of which it emits a greater part of the solar
energy whereever the latter is received, and the thin atmosphere of the planet
is not capable of accomplishing spatial transfer of a large quantity of heat.
This reduces the effectiveness of the atmospheric heat tension.

Table 7 presents values calculated on the basis of the data in lable 6 for
the degree cf flux ordering 8, utilization factor k, and the value of function
f£,(1,) fo: the same periods found on the assumption that Pq ~ k1/2 apd B =

By £,(1,)- /55

The data in Table 7 show that though the results of the calculations by
Leovy and Mintz (1969), owing to the specific features noted of the Martian
atmosphere’, are not ileal for estimating the coefficients and values of
function fl(Hw) introduced here, yet the dispersion of the latter does not ex-

ceed the accuracy of the known characteristics of Earth's atmosphere. Thus we
take 8 ® 2.5, k = 5-10 3, fl(nw) = 1.9 as the mean values, the seas ‘mal

variacions probably being realistic.

7Let us consider yet another circumstance in this context. Use of formula
(8.8) to estimate 6T with the values of fl’ B, and k found for the solstice

would yield 8T = 200 X, that is, T2 = 50 K. However, the condensation beginning

at Tc 7~ 150 K prevents the atmosphere from cooling below this temperature

because of the release of latent heat. 1In the case of the equinox, when con-
dznsation plays a minor role, all the values determined are found to be mutually
consistent and agree fairly well with the theoretical ones.
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Thus we know the values of function fl(nm) at three points: at ﬂm << ]

fl(nm) = 1, for Earth fl(“m = 1.43) = 3, and for Mars fl(ﬂm %= 1.05) = 1.9. This
behavior may be approximated by a relation of the form ¢1(nm) =1+ anmz, in

which a = 0.9 *+ 0.2 = 1, this being in agreement with (10.2).

To conclude our discussion of the results obtained by Leovy and Mintz (1969)
we may note that their experiments demonstrate the presence of a large diurnal
component in the wind field caused by the sharply defined boundary between
the dark and illuminated sides of the planet. The authors term it the diurnal
thermal tide. The existence of this effect on Mars can also be easily under-
stood within the ~ontext of our concepts. According to the results of Section
10, the relative rcole of such effects for the general circulation is estimated
as the value of dimensionless criteria G defined by formula (10.4). For Mars
G = 0.5, that is, it is to be anticipated that the diurnal variation of
temperature on the planet must as a matter of fact play an appreciable role in
determining the general circulation conditions of the Martian atmosphere.

In all these calculations and estimates no allowance is made for the
surface topography of Mars, which the data obtained from space stations and by
radar show to be highly complex. Topography heavily influences the nature of
winds; for this reason the speeds of the actual local winds may differ
appreciably from the estimates indicated here. Qualitative estimates of the
role of topography in the wind conditions on Mars have been made by Gierasch
and Sagan (1971) and by Sagan, Veverka, and Gierasch (1971). In a book published
in 1973 at least brief mention should be made of the results obtained in 1971-
-1972 by the unmanned interplanetary stations Mariner-9, Mars-2, and Mars-3.
Although the bulk of the scientific data still had not been processed by May of
1972, let alone published, it is obvious that these results will lead to a
gigantic increase in our knowledge about Mars. The observations on the topo- /56
graphy and configuration of the planet, the composition of its atmosphere, the
atmospheric temperature profiles, the structure of the upper atmosphere, the
magnetic field, and so forth will all greatly broaden our ideas about the red
planet.

TABLE 7. THEORETICAL CIRCULATION CHARACTERISTICS

Period ’ y 14l
S 24 6,5-10- 24
E 25 4-10-3 13

Commas indicate decimal points.

The beginning of exploration of Mars by means of space stations coincided
with a dust storm of cnormous intensity which lasted for around 4 months. In
this book Section 19 is devoted to the question of the dust storms, since con-
sideration of the latter requires allowance for many factors, including local
ones, which we study in the next chapter. Here we shall confine ourselves
merely to presenting a few of the most interesting television photographs of
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Mars obtained by Mariner-9. Dust clouds (Figure 3) and other meteorological
phenomena are to be seen in them, in particular the undulating cloud systems
beyond the mountains (Figures 4, 5) and the dynamics of melting of the southern
polar cap {Figure 6). [Interesting photographs depicting the manifestatiors of
dynamic phenomena in the Martian atmosphere are also presented in the article
by Leovy et al. (1972).

Figure 3. Last Television Photograph of Mars
Immediately Before Transfer of the Mariner-9
Station to Orbit Around the Planet on 13 November
1971. The surface is concealed by a dust storm
and all the details are those of the cloud cover.
The four spots are probably high craters. The
southernmost crater is around 200 km in diameter
and is situated somewhat below the equator. The
edge of the planet is at the upper right. The
photographs of Figures 3-6 were kindly made available
bv §. 1. Rasool.

14. Venus
o
The data in Table 4 show that, according to our ecstimates, E = 5*10“? erg.
Then with the mass of the atmosphere of the planet Venus M, =~ 5-10%3 g (two

orders of magnitude larger than Farth), U should be around 1.5 m/sec. At the
same time, the criterion of the form of circulation {9.3), the G number, for
Venus is found to be near 2. This indicates that the main cause of circulation
may be represented by the temperature difference between the dark and the light
sides of the planet, and for this reason our speed estimate may be under-
estimated. <Calculations performed by Zilitenkevich et al. (1971}, and by
Turikov and Chalikov {1971) on the basis of a two-level model confirmed this
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assumption. The circulation is found to be rather asymmetrical owing to the
large thermal inertia of the atmosphere of Venus, the center of action with high
pressure being shifted 45° in longitude toward the evening terminator and the
center of action with low pressure being situated in the vicinity of the

morning terminator. Calculations for an atmospheric model involving absorption /60
of the greater part of the apparent radiation of the surface of the planet have
vielded mean wind specds of the order of 5 m/sec, while the typical temperaturc
difference at the surface has been found to be of the order of 1 K. Somewhat
lower speeds and slightly larger temperature differences have also been obtained
in a circulation model in which all the apparent radiatiop is absorbed in the
upper theoretical laver of the atmosphere. Numerical calculations and comparison
of the results of the latter with our results demonstrate that utilization

factor k for Venus must be near unity (see Turikov, Chalikov, 1971}

Figure 4. Complex of Craters in the Region of Tarsis
{Southern Hemisphere of Mars). The photograph was taken

on 28 November 1971. The main crater has a diameter of
around 20 km. When Mariner-9 approached Mars this region was
visible as a dark spot penetrating the dust clouds. The
light arcs reflect the structure of the cloud cover.

Thus the basic conclusion regarding Venus is a high degree of homogeneity
of temperature distribution in its atmosphere, this being due to the great mass
of the atmosphere. The mean speeds in the main layer of the atmosphere of the
planet are of the order of several meters per second.

The history of study of the atmosphere of Venus is one of the most in-
structive ones in the development of science. The fact of existence of an
atmosphere on this planet was vstablished so long ago as 1761 by the great
Russian scientist M. V. Lomonosov, who observed the passage of the planet across
the disc of the Sun. At the moment of contact between the planet and the disc
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of the .un he noted that the latter was elongated in the direction of the planet

and enveloped it.
in the atmosphere of the planet,

Figure 5. Crater in the Northern,
Winter, Hemisphere of Mars Taken
Approximately Four Months after the
Dust Storm Ended. It is around 40

km in diameter. The edges of the
crater are surrounded by hoar frost.
Beyond the edges of the crater the
wind generates waves of clouds, which
¢an be traced downwind for hundreds
of kilometers. The results of measure-
ment of the vertical temperature
profiles confirm the assumption that
these clouds consist of particles of
condensed carbon dioxide. The photo-
graph of the same region taken
approximately 17 days later (see
Leovy et al., 1972) no longer shows
these waves. This demonstrates that
what we actually see here are
atmospheric orographic waves.

the bottom.

This was interpreted by Lomonosov as the effect of refraction
This .

"ect now bears his name.

In 1932 Danham and Adams
{see Moroz, 1967) discovered in
the vicinity of wavelength 0.8 3
in the spectrum of Venus two
unknown absorption bands which
were later identified with the
absorption bands of ﬂﬂz.

An important discovery was
made in the mid-1950s. It was
found that the brightness
temperatures of the planet in the
radio range of the centimeter
and decimeter waves is around
600 K. At that time it was
difficult to reconcile oneself
to the idea that such
temperatures might apply to the
surface of the planet or to its
lower atmosphere. Thus until
1963 the most popular hypothesis
was that the ionosphere of the
planet is responsible for this
radiation. However, observations
conducted with Mariner-2 in 1962
and a number of others refuted
this hypothesis. If the radiation
had proceeded from the ionosphere
then the scanning radiotelescope
of Mariner-2 should have registered
increase in the brightness of the
disc of the planet toward the
edge, while darkening was actually
chserved. In addition, according
to these observations the
temperatures of the dark and
illuminated sides of the planet
are virtually the same. It
follows that Venus must have a
deep atmosphere which is hot at

Definitive confirmation of this circumstance was obtained after

the flights by the Venus-4 and Mariner-5 stations.

Measurement of the distributions of temperature over the disc of the
planet also has a history of its own, one eloquently described, together with
other studies of Venus, by Sagan (1971) in a survey entitled "The Troubles with
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Venus". Up to the middle 1960s almost all researchers observed a large phase
variation in the temperature of radiation on almost all radio wavelengths (also
see Moroz, 1967) with amplitudes of the order of 50-100 K. This means that /61
the surface or atmosphere temperature varies in this manner in the course of a

day. However, measurements nmade at the end of the 1960s (see Sagan, 1971a)
revealed the absence of a phase variation in radiation temperature on all the

wavelengths used.

a 9

Figure 6. Three High-Resolution Photographs of the Region
of the Southern Polar Cap of Mars, Which is Indicated by an
Arrow in Photograph C. The region is about 100 km in
diameter. Reduction in the area covered by the cap is to be
seen, A laver of dry ice {carbon dioxide) only around 2.5
c¢m thick may evaporate in 12 days. a, 19 November; b, 28
November: g, 1 December 1971,

The distribution of the radio brightness temperature along the meridian

was first obtained by Kuz'min and Clark (1965) by means of a radiointerferometer
having a wavelength of 10.6 cm. They found that the poles are 150-200 K colder
than the equatorial regions. However, measurements by Berge and Greisen {[1969)
on a wavelength of 3.12 cm demonstrated total absence of any difference between
the brightness temperatures of the equator and the poles. On a wavelength ot
around 3 cm the atmospheric absorption is appreciable, and so the radio emission
on 3.12 cm comes from the atmosphere itself, although frow rather deep lavers

of the latter. If the measurements on the two wavelengths (10,6 and 3.12 em)
are accurate, the temperature distribution in the atmosphere of Venus must be
characterized by enormous inversion in the polar regions. This fact represented




one of the reasons moving the author to attempt to arrive at a theoretical
understanding of the thermal conditions of the atmosphere of Venus. The effort
ultimately led, in 1969, to construction of a theory of similarity for the
general circulation of planetary atmospheres.

The findings of this theory were in agreement with the results of measure-
ments on 3.12 cm. Insofar as Venus is concerned, this at the time was the only
confirmation that the theory was correct. At the International Symposium on
Planetary Atmospheres held in Martha, Texas, at the end of October 1969, at
which the author for the first time presented a report on his theoretical
results, it was ascertained that interference measurements on 11.1 cm (see
Sinclair et al., 1970), which definitely pertained to the surface of the planet,
the uniformity of the temperature distributions of Venus along the meridian
is demonstrated, also within the limits of an error of around 12°. On the
same occasion facts were presented which proved the absence of a phase
variation in temperature on Venus, this also being in agreement with the concepts
of our theory.

The flights by the Soviet unmanned space stations of the Venus series
yielded the first direct information on winds in the atmosphere of this planet
(Kerzhanovich, 1972; Kerzhanovich, Morov, Rozhdestvenskiy, 1972; Kerzhanovich
et al., 1972). The method of wind speed measurement (Kerzhanovich et al.,

1969) consists of determining the Doppler shift of the frequency of the

radio transmitter of the station parachuted into the atmosphere of the planet.
The basic shift results from the relative motion of Earth and Venus and their
diurnal rotation. Fortunately, this motion is known with a very high degree

of accuracy and may be excluded. If the station de-cends to an underground

point situated on a line connecting the centers of ki:th and Venus, the remaining
Doppler shift is due to the vertical descent of the station. However, if the
station descends to a point remote from the underground one, then it descends

at a certain angle to the line of sight, and if it undergoes horizontal dis- /62
placement as a result of the action of wind, the speed of the wind will contri-
bute to displacement of the frequency of the signal received®. The speed of
purely vertical descent may be calculated with good accuracy if the vertical
pressure and temperature profiles are known.

According to the data of the Venus-4 station (Kerzhanovich, 1972) at the
point of its landing (night side of the planet, about 500 km north of the
equator, near the morning terminator) over the 40-50 km altitude range winds
blow in the direction of the equator at speeds of 40-50 m/sec. At lower
altitudes the speeds decrease fairly rapidly and fall within the limits of
the measurement errors, which are + 10 m/sec. The data of the Venus-7 station
(Kerzhanovich et al., 1972; Kerzhanovich, Morov, Rozhdestvenskiy, 1972), which
were obtained by means of modified equipment, indicate that the zonal wind
component ranged from 5 to 14 m/sec over the altitude range from 53 to 38 km.

8The transverse Doppler shift in the ratio v/c is smaller than the longitudinal,
in which v is the speed of the signal source and c is the velocity of light.
Hence this effect is insignificant in movement along the line of sight.
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Below 38 km the wind speed did not exceed 4 m/sec, a value comparable to the
measurement and processing errors. In this sense the direct wind speed measure-
ments at the point of landing of the Venus-7 station (the station landed near
the equator and the morning terminator), as in the case of the Venus-4 station,
do not contradict the estimates obtained on the basis of our theory?.

In speaking of the winds on Venus, we must not fail to mention the so-called
four-day circulation in the atmosphere of this planet. It was first discovered
by Boyer and Camichel (1961) by photographing Venus in ultraviolet light
(also see Smith, 1967). Against the general light background of the disc of
the planet, there was observed a dark formation often having the form of the
letter Y or ¥ lying on its side and with the central bar situated on the
equator. This formation rotates about the planet with a period of around 4
days, this corresponding to wind speeds of around 100 m/sec. The circulation
in this instance is purely zonal. The lifetime of the formations in question
is on the order of a month.

Figure 7 shows photographs of Venus taken with different light filters
and at consecutive time intervals. These photographs were made in the observa-
tory of the New Mexico State University, USA, and were kindly made available to /64
the author by Doctor B. A. Smith. The dark formations and their displacements
over time over the disc of the planet are clearly to be seen in the ultraviolet
rays. No details whatever are to be seen in visible light. The radius of
Venus in ultraviolet rays, according to Kuiper (1971), is 6145 km, while
according to his measurements in red light and in the near infrared region r =
= 6,100 km. Kuiper assumes this distance to be real, and the ultraviolet dark
clouds, as these formations are still called, are then found to be approximately
40-50 km above the visible yellow clouds. The atmospheric pressure at altitudes
of 90-100 km from the surface of the planet is of the order of one mb (Avduyevskiy
et al., 1969; Marov, 1971), that is, the four-day circulation is a stratospheric
or even mesospheric phenomenon on Venus.

Attempts at hydrodynamic explanation of the four-day circulation have been
undertaken by Schubert and Young (1$70), Malkus (1970), and Gierasch (1970). The
physical fact underlying these explanations was represented by an effect
observed by Schubert and Whitehead (1969). These authors observed movements of
mercury in an annular vessel occurring on heating of the liquid by a Bunsen

JAccording to the data of the Soviet Venus-8 automatic space station (see
Pravda of 10 September 1972), which landed on the light side of the planet and
far from its underground point, along the path of descent of the station, the
wind reached 50 m/sec in the atmosphere over the 40-60 km altitude range and
dropped to 2 m/sec and below within the lower 10-12 km above the surface of the
planet. The temperature at the point of landing equalled +470 + 8°C, that is,
differed hardly at all from the temperature of the planet's surface, *474 + 20°C
recorded by the Venus-7 station for nighttime (Marov, 1971). One of the most
important scientific results obtained by the Venus-8 station is that it was
possible for the first time to measure the vertical illumination profile. On
the surface of the planet the illumination was found to be small, but was
nevertheless a finite value,
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burner flame moved in a circle below the bottom of the vessel. The mercury
began to twist in the direction opposite of that of movement of the burner,

the speed of movement of the liquid exceeding the speed of the burner in
absolute value. In the case of Venus the role of the moving source of heat is
performed by solar radiation absorbed by the atmosphere. This source completes
a full revolution around the planet in 117 days — such is the duration of
solar days on Venus — and the upper layers of the atmosphere accelerate in the
opposite direction.

The following may be the hydrodynamic explanation of this effect. The
heating of a liquid by a moving source of heat, owing to the finite value of
thermal conductivity, lags in phase behind the movement of the source, this
lag being the greater the farther are the layers of liquid from the source.
Vertically inclined convection cells develop as a result in the case of a
periodic source of heat. The Reynolds stresses occurring in this instance are
such that the vertical flow of horizontal momentum t = -pu'w' (u' and w' are
the zonal and the vertical velocity components) is directed upward. This causes
increase in the mean wind profile with altitude until the viscous (turbulent)
stresses balance the Reynolds stresses. ’

Schubert and Young (1970) demonstrated that the intensity of this effect
depends on the value of dimensionless criterion
el AT

F:'fﬁ“7fv (14.1)
in which g is the acceleration of gravity; H is the characteristic vertical
scale of motion (in this instance the altitude of the homogeneous atmosphere);
U is the speed of movement of the vertical source, that is, the speed of
movement of the trail of the Sun over the surface of the planet determined by /65
its spin and the rotation of the planet about the Sun; AT is the value of over- =
heating of the liquid or the amplitude of the diurnal temperature variation
referred to the characteristic temperature of the medium, that is, to the
effective atmospheric temperature Te’ Since gH = cg, and U = wr, this criterion

may also be rewritten as
. 1 A
""‘n—z?.

or, (10.3) and (10 4) being taken into account, as

~ fd

n . M

rege
LU L] (14.2)

For Venus the vaiue of this criterion is on the order of 100, for Earth

10'3, and for Mars 0.1. From this Schubert and Young (1970) concluded that the
effect under discussion may be manifested only on Venus. It could also occur
on Mercury if this planet had any appreciable atmosphere. This effect is
insignificant in the atmospheres of the other planets.

58



On the whole the theory of four-day circulation is still in the initial
stage, in which the lack of observational data and the obvious complexity of
the phenomenon permit tle advancement only of simple qualitative ideas.

22 40 2315 03 02
uv uv uv

22 30 02 06 ' 03 1 0150
uv uv uv green

23 50 12 51 o133
uv uv green
Figure 7. Photographs of Venus in Ultraviolet Rayvs and in Green
Light. The dark formations shifting with time are to be seen in

the photographs for which an ultraviolet filter was used. The
figures below the individual photographs of the disc of the planet
represent local time (hours and minutes). a, 21-22 May; b, 7-8
June; ¢, 13-14 June 1967. Photographs Kindly sent by B. A. Smith.
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15. Jupiter and Saturn

From the purely external standpoint, if the rings and the rare appearance
of spots are disregarded, Saturn is very similar to Jupiter: the same dark
belts and light zones parallel to the latitudes; the shorter period of rotation
of the equatorial regions in comparison to the period of the temperate
latitude. The values of the basic rotational similarity criterion Hw are also

similar (see Table 3).

Winds have been observed for more than 100 years now on Jupiter at cloud
level, on the basis of movement of the spots. A summary of the observations
up to 1957 is given in the book by Peek (1958) (also see Moroz, 1967). A
critical continuation to 1966 was made by Chapman (1969). If the distribution
of the periods of rotation by latitudes are known, it is possible to estimate
the mean kinetic energy of the zonal motions, on the assumption that the
atmosphere is affected evenly by them to a depth characterized by quantity M.
This energy may be estimated by use of the formula

E:- %-:%MIZ‘COS“H,.A“,..\I," (15.1)

which is obtained if it is considered that the speed of the ith zone relative to

the mean rotation of the planet of period ty=v; T Awircosoi = chosﬂiAtitBZ.

In this equation 31 is the mean width (in degrees) of the band or zone with /66

central latitude Gi’ and Ati is the difference between the observed period and
to. Carrying out summation over all the bands and zones we find E = 8-1027 M
erg = 1028M erg, in which M is in g/cmz. Almost 90% of this value is represented

by this equatorial band and northern temperate current C.

According to Moroz (1967), the pressure at the cloud level is of the order
of 1.5-2.5 atm. On the assumption that the motions affect a layer of the
atmosphere of a thickness equal at least to the altitude of one homogeneous
atmosphere, we obtain a minimun estimate of the value of M = p/g > 103 g/cm?.
Thus the total kinetic energy of circulation is E > 2:103! erg.

We may note that, if no allowance were made for rotation, the estimate of E
on the basis of (8.1) would yield only E = 41028 erg, that is, the role of
rotation is actually the decisive one.

Even the minimum estimatc obtained for energy E permits the making of a
number of other useful estimates from the most general positions, since the’
total flux of energy toward the atmosphere is known to be Q = 4nr2oT = 1:1023
erg/sec.

First of all we estimate the value of Bn, which may be written by means
of (7.7) and (3.4) as:

2EL
B .
Qr (15.2)
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that is, we express the product of the degree of ordering of the flux by

the atmospheric efficiency in terms of the more customary and observed quanti-
ties. The mean velocity of the visible motions across the disc are of the order
of 30 m/sec. Then 8n > 2. Since usually n << 1 and for large values M the

w172 y >> Br/2U = 7.10°

cm; 3'103 cm/sec ® 1 month, Large lifetime values on Jupiter are typical even
of minor details. According to Peek (1958), small spots are tracked on the
disc of the planet for many weeks, months, and even years. This indicates a
very low intensity of turbulence in the atmesphere of the planet!?.

value n & (see Section 10), we should have 8 > 2, or 1

The typical periods of variation in the width of the bands and zones on

Jupiter, which may be regarded as periods of large-scale weather phenomena,

may have a greater bearing on the question of the characteristic "lifetime"

of circulation. A table of such periods prepared by Fokas is given in the book
by Maroz. It follows from this table that the duration of these periods i:
chiefly 12-16 years, or (4-5)+108 sec, including the equatorial zone, in which
the highest speeds are observed. However, even this time may prove to uc
substantially shorter than the circulation lifetime of Ty < E/nQ. As a matter

of fact, if by the analogy with Earth we assume an efficiency of n = 10'2, and

this in all probability is a great exaggeration for the deep atmosphere of

~1/2 2

Jupiter, since n ~ M , we will have E = nQr, = 1025 erg/sec-4-108 sect10“ = /67

= 4-1031 erg, that is, a value comparable to our minimum estimate for the
total kinetic energy of atmospheric circulation of the planet.

Much larger values of the energy of the motions, and consequently also of
the depth of the atmosphere affected by them, and of the circulation lifetime,
may be obtained by use of function fl(Hw) in the form of (10.5). This has

been done by the author (Golitsyn, 1970b). However, since relation (10.5) is
hypothetical in nature, we will not consider this matter in detail.

Let us turn to Saturn. The period of rotation of the equatorial :zone,
which is *20° in width, is near 10 hours 15 minutes, and the periods for the
latitudes above +30° is near 10 hours and 40 minutes. The kinetic energy of
apparent motions relative to the middle latitudes may then be estimated on the
basis of formula (15.1). It is found to be approximately 1029 M erg, that is,
the value of the numerical coefficient of M is onz order of magnitude larger
than was the case for Jupiter. Such a difference is surprising. As a matter of
fact, writing the expression for the total kinetic energy in the general form

E  25B,f (I, ... )oc, = Tor (15.3)

n t‘

10The rapid changes in shape or color of individual regions of the planet that
are sometimes observed are probably due to condensation instability of the

cloud systems caused by small variations in temperature (Moroz, 1967), something
which has no direct bearing on the hydrodynamic stability of the flux.
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(Te is introduced into (8.1)) and assuming the ratio in the form of :. nction
f(nw,...) to be on the order of unity for both planets because of tlLe similarity
of their ﬂw values, we find that the total kinetic energy for Jupiter should be

approximately 5 times as great for Saturn. By comparing the estimates of E
based on the apparent motions, we find from this that the atmosphere of Saturn
is affected by motions to a depth based on mass that is approximately 56 times
smaller than on Jupiter, although there are data (Moroz, 1967) indicating that
the pressure at the cloud layer level of Saturn is also on the order of 1
atmocvohere.

In view of this situation the possibility is not to be disregarded that
the atmospheric dynamics of Saturn differ substantially in some respects from
the dynamics of Jupiter. Thus in the functions f(ﬂw,...), although arguments

Hw are similar, the other factors indicated by the dots may be entirely

different, and then the ratio of these functions for the two planets differ
greatly from unity.

There is reliable knowledge of only one substantial difference betwren
Jupiter and Saturn. The former has a strong magnetic field of the order of
10 gauss, while in the case of Saturn all attempts to detect this field have
not as yet been successful. It apparently is very weak or does not exist at
all. Attention has repeatedly been called by Hide (see his survey, 1969, which
also includes a large bibliography) to the possible importance cf hydromagnetic
effects, at least for sufficiently great depths of the atmosphere of Jupiter.
Hence if may turn out that precisely Saturn is a '"mormal" rapidly rotating
planet from the viewpoint of atmospheric dynamics, while intensive movements
in the atmosphere of Jupiter are impeded by hydromagnetic interactions. If
such is the case, if Jupi*ar had no magnetic field, the apparent motions in its
atmosphere could be characterized by higher velocities, something which would
reduce the difference in the values of the atmospheric mass affected by the /68
motions.

Jupiter and Saturn are also of great interest as purely hydrodynamic
subjects. We may cite three important hydrodynamic problems for these planets
which remain to be solved. They are the equatoriai acceleration, the striped
structure of the discs of the planets, and the nature of the Great Red Spot
of Jupiter. All these problems have been discussed in detail by Hide (1966,
1969).

In order to explain the equatorial acceleration, it is necessary to find

a mechanism of transfer of angular momentum from the temperate latitudes to

the low ones. As has been demonstrated by Hide (1970b) and Starr (1971), such
a mechanism can be provided only by asymmetrical disturbances of the zonal
flux, but it is rnot as yet clear '.nat the nature of such disturbances might be.
Closely related to the foregoing is the problem of explaining the striped
structure of the discs of Jupiter and Saturn. This structure unquestionably is
a reflection of the structure of atmospheric circulation and some sort of
instability of the latter. Attention was first called to this by Hess and
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Panofsky (1951). Stone (1967, 1970) attemoted to find new types of baroclinic
instability in the zomal flux, including ncngeostrophic ones, but the applica-
bility of these results to the dctual conditions is naturally alwavs open to
doubt.

A highly interesting work is that by Ingersoll and Kuzzi (1969}, who cal-
culated the relative speeds of the thermal wind, using the observed values cf
the alvedo gradients, and finding very good agreement with the observed dis-
tribution of velocities along the meridian. It was found that the light zones
must be warmer than the dark bands. These results are not in agreement vith the
assumption regarding monotonic variation in insolation with latitude as the
sole source of the energy of the flows.

Of interest in this context is the hypothesis of Barcilon and Gierasch
(to the effect that the banded structure of Jupiter reflects variat’.,n in the
concentration of condensing substances vith latitude). The moist adiabatic
gradient varies owing to uneven release of the heat of condensati.n along the
meridian, this circumstance causing a thermal wind observed as variations in
the periods of rotation with latitude. The results obtained by Barcilon and
Gierasch (1970) are in agreement with the results of I:gersoll and Kuzzi (1969).

Taere is an extensive bibliography on th: question of tl.e nature of the
Great Red Spot on Jupiter. This spot was aiscovered by Hooke (1665). In the
photograph of Jupiter (see Figure 1) it i: situated in the southern hemisphere.

The Great Red Spot was barely noticeable diu-ing the 18th and for a large
part of the 19th century, apparently owing to the low contrast, but chout 100
years ago it abruptly became darker. The Great Red Spot is usually elliptical
in shape and extends 20-40,000 km in longitude and 5-10,000 km in latitude.
The period of rotation of the Great Red Spot has changed irregularly over the
last 100 yea~s. It has differed from the period of rotation of the teumperate
latitudes, so that the total difference in 100 vears has been of the order of /69
6m, that is, over this period the Great Red Spot nas gone around the disc of
the planet approximately 3 times. Hypothes~s to the effect that it js volcanic
in origin or that it is an isleid floating in denser atmosphere, which were
advanced up to the middle of the 20th century, are for various reasons
unsatisfactory (see Moroz, 1967). Hide (1961) advanced a new hypothesis
ac:ording to which the Great Red Spot is u so-called Taylor column, a uisturbance
in the geostrophic flow created by unevenness on the hard surface of the
planet. This hypothesis was “he subject of lively discussion during the 1960s
(a survey of thc literature is to be found in Hide, 1969), but it erncounters
the same difficulty: the speed ¢ f rotation of the solid body of the planet
must be assumed to be uneven,

Our estimates of the circulation characteristics for Jupiter indicate

that the circulation lifetime must be very large. Estimutes of T with functinon

fl(nw) on the busis of (10.5) revealed (Golitsyn, 1970b) that Ty Mmoo ve of the

order of millions of years. It may be assumed that the Great Red Spot is
simply a large atmospheric vortex. Thus it need not be a permanent feature of
the planet. An hypothesis such ac this is rree of a number of the defects of
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previous hypotheses (see the discussion or it by Sagan, 1971 bY; however, it
is too general and does not explain the variations of the different periods in
the form and position of the Great Red Spot.

The theory of the Great Red Spot which is the most complete up to the
rresent, one which explains the majority of the details of its variation in
shape, displacements in longitude and latitude. and so forth, has been
proposed by Street, Ringermacher, and Veronis (1971). The authors have advanced
the hypothesis that there is a large accumulation of condensed matter, such as
solid hydrogen, floating in the interior of the planet. There would then be a
Taylcer column above it. Any vertical displacements of this accumulation would
result in melting or growth of the Great Red Spot, as a result of which its
shape would also change. As a result of preservation of the momentum of the
ar .um:lacion, horizontal displacements would lead to fluctuations relative to
its mean position. The density of this accumulation is practically equal to
the density of the ambient medium, and it behaves as does a float inside a
stratified liquid. Such a float was first invented by Descartes, so that this
theory of the Great Red Spot is known as the hypothesis of the Pescartian slope.
Despite the attractiveness of this thecry, the nature of such a possible
accumulation of matter deep within ihe planet remains vague, since the results
of Trubitsyn (1972) definitely indicate the impossibility of condensation of
hydrogen to the solid phase.

Cyclonic circulation of gaseous masses exists in the region of the Great
Red Spot; it has been very effectively traced by Reese and Smith on the basis
of movement of a small spot over the disc of Jupiter. The positions of this
small spot relative to “he Great Red Spot itself are indicated by boldface dots
in Figure 8. The figures with the dots are the dates in January of 1966 when
this picture was observed. By using these data, Hess (1969) estimated that the /70
mean vorticity within the Great Red Spoi, as determined on the basis of the
circulation value, equals 10™3 sec !, and the corresponding Rossby number is
accordingly near 0.08. The values of the two cuantities are of the order of
such quantities for large-scale motions in the Earth's atmosphere.

16. The Sun

The Sun, the source of energy for all atmospheric motions, itself possesses
a broad spectrum of motions on the apparent surface of its disc. We shall here
consider only the motions of the largest scale, ones which the meteorologists
would term general circulation. Among the great meteorologists who have con-
cerned themselves with the nature of motions on the Sun mention may be made of
Wilhelm Bjorknes. An entire chapter in the book by Starr (1968) devoted
especially to this problem has been written in the language of contemporary
meteorology.

The Sun, which is the star clos~:- ¢ us, has an apparent disc of a radius
equalling 696,000 km. This is the upper boundary of the so-called photosphere,
the irradiating surface of the star. The acceleration of gravity at this level
equals 27.4 m/sec?. The greater part of the solar matter is represented by
ionized hydrogen — a mixture of protons and electrons with a certain admixture
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of helium, and to a much lesser extent, other heavier elements. Thus it is
usually assumed that the molecular weight is u = 0.6 (see de Jager, 1959). The
pressure on the boundary of the photosphere is of the order of 0.05 atmospheres.
The Sun ¢ .s a powerful radiation flux the temperature of which is 5,750 K.

Photographs of the surface
of the Sun made with high re-
solving power show that intensive
small-scale convective motions
take place here, this being
indicated by the cells {granules)
of irregular shape, the dimensions
of which are of the order of
1000 km along the horizontal
and the lifetime of which is
around 10 minutes. The depth
Figure 8. Circulation in the Region §§r§:§c§§n§:?;1§§ izﬁzr??y 2:riou5

of the Great Red Spot on Jupiter s ;
: ? wodels of the Sun yield for this /71
Traced on the Basis of Movement of a depth values ranging from 0.1 to

Pt Tho Figires arcampnying the 0.3 of the radius of the star.
dots illustrating the position of the h 4 1 s tlp«t y e g
spot are the dates of observation in 1ae SD10F ACLivily maxims,
spots are visible on the surface
January 1966, Photograph taken from B
article by Reese and Smith (1968) of the Sun - irregularly shaped
Y e formations having diameters of

several tens of thousands of
kilometers, the temperature of which is several hundred degrees below the
temperature of the surrounding surface. Owing to the lower temperatures the
radiation flux from thew is smaller and the spots seem dark in comparison to
the remaining regions.

Circulation on the Sun is observed in the form of so-called differential
rotation: the angular velocities of rotation on the atmosphere vary from
latitude to latitude. The basic r-terial on motions in th. atmosphere of the
Sun is provided by observations of the spots, on the assumption that the
displacements of the latter take place at the speeds of the motions in the
atmosphere itself. Individual spets movz in a fairly complex manner, but on
the average their daily displacement in longitude ¢ depends on the latitude ¥
in accordance with the law (see de Jager, 1959)

T MR 2 u6st e, (16.1})

o~ 11,42 2 Yheosta, {le.1%)

There are no firmly established views regarding the question of the
reasons for differential rotation. The first qualitative constdeiations were
advanced by Eddington (1925). According to him, the centrifug.] spin forces
of the Sun flatten its figure somewhat, and since the release of energy takes
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place somewhere in the center of the star, the equipotential and isothermic
surfaces do not coincide. As a result, the poles should be somewhat hotter
than the equatorial regions on one equipotential surface. Hence the conclusion
was drawn about the necessity of meridional circulation, which, owing to the
Coriolis force, should generate zonal circulation, differential rotation. This
greatly resembles the old qualitative theories of general circulation of the
Earth's atmosphere (see Lorenz, 1967) which it was necessary to abandon at the
end of the 1940s. Astronomers themselves sensed the difficulties at approxi-
mately the same time, when Opik (1951) and Cowling (1953) estimated that the
speed of such meridional movements is many orders of magnitude lower than

1 cm/sec.

The decisive role of large-scale atmospheric turbulence in maintaining
the circulation conditions on Earth (Lorenz, 1967) became clear in the 1950s
on the basis of processing of a large body of empirical materials. It was
discovered that in the region of the westerly winds the mean angular momentum
is transferred along the gradient of angular velocity w, that is, from regions
with lower values of w to regions with larger values of w. The greatest stress
was placed on this situation by Starr (see his book already referred to), who
termed it '"'megative viscosity."

It has turned out that a similar picture is also observed on the Sun. Ward
(1966) (also see Starr, Gillman, 1968; Starr, 1968) processed data of the
Greenwich Observatory covering a period of 76 years on the motion of the sunspots /72
and on their basis calculated the rate of transfer of angular momentum. It
was found that the angular momentum is transferred toward the equator in both
hemispheres, that is, along gradient Wy This transfer takes place at such

intensity that, if it were suddenly to cease, the solar atmosphere would be set
in rotation as a solid only for a few revolutions of the Sun about its axis,
that is, for a few months.

One of the basic questions in the negative viscosity concept is that of
the source from which energy is drawn by the large-scale vortices themselves
which maintain the zonal circulation (differential rotation). Starr (1968)
notes the theoretical possibility that the energy comes directly from small-scale
convection, so-called "'granulation". However, this mechanism is not entirely
clear from the physical standpoint, and it is even more difficult to estimate
its effectiveness in quantitative terms. Another possibility realized in the
atmospheres of the planets lies in the transfer of potential rather than
kinetic energy followed by its conversion to kinetic energy.

As has already been pointed out, owing to the influence of the solar spin
the mean temperature at the equipotential levels may be different at all
latitudes, something which should lead to the occurrence of large-scale motions
ultimately transferring heat to the cooler latitudes. These circumstances make
it possible to speak of the similarity of certain fundamental features of
atmospheric circulation on the Sun and the planets. Hence it is of interest
to attempt to apply to the Sun our rather general considerations regarding the
similarity of atmospheric circulations, which do not require determination
of the details of the picture of currents and energy conversions. The author
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has earlier discussed the subject in somewhat greater detail than is the case
here (see Golitsyn, 1972).

The picture of maintenance of stationary circulation on the average on the
Sun may be imagined as follows in physical terms. There is supplied to the
solar atmosphere a flux of energy equalling specific luminosity q = 6.3+1010

erg/cmz-sec. A certain part of this flux is expended in maintaining the kinetic
energy of the large-scale motions. One of the chief aims is to estimate what
this portion is.

Other necessary parameters include the radius of the star, which at the
level of the photosphere equals (de Jager, 1959) 6.96+10'% cm, u =~ 0.6,

k = 5/3, cp = 3.5-108 cmZ/secz-K, g= 2.7°104 cm/secz, and w = 2.4-10°6 sec-l.
The values of the similarity criteria are in this instance the following:

n ~s.107%, 1 =~o.14.

g w

We do not know the depth to which circulation on the Sun extends, and so
we cannot estimate the mass of the unit atmosphere column M, and consequently
the energy similarity criterion HM' On the other hand, it would be highly

desirable somehow to determine the order of magnitude of M,

We make the assumption that the circulation affects fairly great depths

of the solar atmosphere, so that HM << 1. We thereby adopt the hypothesis

regarding the similarity of circulation relative to the precise value of this /73
criterion, and then will verify the validity of this assumption on the basis
of the results obtained by means of it.

If Hg << 1 and HM << 1, formula (10.1) may be used for the totil kinetic

energy of circulation:
E - 2=B,f, (ll.)a"c g r.
(16.2)
In the case of the planetary atmospheres fl(nw) =1, if Hm << .. For the
Sun Hw = (.14, but the situation is radically different here. In the atmospheres

of the planets, motions are caused by the uneven heating of the atmospheres by
an external source represented by solar radiation. On the Sun the source of
energy is an internal one and the large-scale hydrothermodynamic imbalance

is universally acknowledged to be caused by the spin of the star (although
opinions differ as to the specific mechanisms of creation and occurrence of
this imbalance). Rotation is manifested in the existence of centrifugal
forces which determine the distribution of matter. Hence it is to be assumed
that for the Sun and the stars function fl(nw) at small values of Hw must be

proportional to Hi, that is, wz. The constant term must equal zero, unlike the

case of the planets, since in a fixed star the distribution ox sources of energy
and all thermodynamic quantities will be centrally symmetric and large-scale
motions cannot arise. As a result
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fillle)  ali2 gpp Hha < 1. (16.3)

in which a is a constant probably of the order of unity. By analogy with

the dense atmosphere of Venus it may be assumed that for the Sun utilization
factor k of formula (5.4) is near unity. To be definite we shall assume ak!/2 =
= 1. Then, (10.1) and (16.3) being taken into account, formula (16.2) is
rewritten in the form

E=2rllis"c, g r* 2mac, g u’rt, (16.4)

We multiply additionally and divide this expression by M. Then considering
that 4nr2M = MO is the mass of the atmosphere affected by the motions, taking
(6.9) into account we obtain

. 1
£ —‘Mu reily.
2 (16.5)

This formula shows that the ratio of the kinetic energy of differential
rotation to the total kinetic energy of the rotating layer equals the value of
the energy similarity criterion, HM.

Formula (16.4) permits estimation of the total kinetic energy of circula-
tion of the solar atmosphere. Using the values of the parameters indicated
above, we find that E = 1-103° erg.

On the other hand, as in the case of Jupiter and Saturn (see Section 15), /74
the kinetic energy of apparent differential rotation may be estimat~d on the
basis of observational data, that is, on the basis of formulas (16.1) or (16.1'),
as

E - d=r:M . 7} f o7 (i) sindivdiy, (16.6)

in which v(¥) = rsind-Aw is the (continuous) deviation from the speed of rota-
tion of the polar regions, which in accordance with (16.1') equals

296 costd 2= 1

= e 3 . [N o -
o g e e W0 10 uostisec

Inserting these expressions into (16.6), we find that E - 108 M erg. Com-

paring this estimate with the foregoing one, we find M0 = 1028 g.- The total

mass of the Sun is M0 = 2-1033 g, that is, less than a thousandth of a percent
of the total mass of the Sun takes part in the differential rotation, if the
latter is assumed to be uniform in depth. Hence, M = MO/4nr2 = 210° g/cm?;
consequently HM’ in accordance with (6.19), equals 7+10°3 = 10_2, that is, the

assumption that its value is small proves to be correct.

The va 1e found for M corresponds to a pressure of p = Mg = 5.5-109

dyne/cm2 = 5,500 atmospheres. The depth of the atmosphere affected by motion
may also be estimated. On the assumption of adiabaticity, depth z is estimated as
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A o
i Ta l(Pr) ! I’ (16'7)

in which Y, = 8 K/km, the adiabatic temperature gradient; P, =~ 0.05 at, the

pressure at the boundary of the photosphere, the radiation temperature of which
is T, = 5750 K (de Jager, 1959). By means of (16.7) we obtain z = 7-10% km,

that is, the atmosphere is in motion to 2 depth on the order of 0.1 of the solar
radius. If it is borne in mind that the intensity of differential rotation may
weaken with depth (see, for example, Iroshnikov, 1969), the depth is found to

be great. This is in agreement with estimates of the depth of penetration of
the convective zone, which, according to Kuiper (1953), is of the order of
10-30% of the solar radius.

Let us now turn to estimates of the other characteristics of general
circulation. For the sake of definiteness, as with Earth and Mars, we assume

that B/2 = 1. Then the circulation lifetime is BT = r/U. The mean velocity

value, U = (2E/M0)1/2, in accordance with the estimates of E and M0 obtained

in the foregoing, equals 140 m/sec. Hence &Y ~ 5.2-106 sec = 60 days. This
estimate is in agreement with the results of Ford (1966) cited at the beginning
of the section.

Once the value of 71 is known, it is possible to estimate the mean rate of

U
dissipation (generation) of kinetic energy over the entire atmosphere € = E/t = / 75

= 1036 erg/5°106 sec = 2-1029 erg/sec. Hence we have e = E/MO = 20 cmz/sec3
per unit mass. This value applies to large-scale motions, while € should be
substantially larger in small-scale convection manifested in granulation, since
there is in operation there another and much more effective mechanism of
conversion of potential energy to kinetic: the vertical instability of the
atmosphere, to wh.ch the energy flow is supplied from below.

U

Now that we have an estimate of € and know the total energy flux emitted
by the Sun, Q = 4nr?q, we estimate the value of n, the efficiency of the
atmosphere in converting the total power supplied to it Q .o the Kinetic
energy of large-scale motions. For the Sun n = €/Q = 5-107°, a value 2.5 orders
of magnitude smaller thar fo:;- the atmosphere of Earth.

The horizontal temperature difference responsible for the general circu-
lation may be estimated, in accordance with formula (5.3) and &T = nTl/k.

According to the adiabatic model, at a depth of 70,000 km T = 5'10S K. For

k = 0.1-1 we obtain 8T & 250-25 K. As has already been pointed out, it is
possible that k is near unity, so that the smaller value of &T appears to be
more probable. Thus in the interior of the Sun, where the temperature is

around one-half million degrees, the temperature difference on the equipoten:ial
surface apparently is only a few dozen degrees.
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It should be noted that we do not predict the sign of &T; hence it is
impossible to say whether the polar or the equatorial regions of the Sun are
warmer, although the concept of somewhat hotter polar regions is more under-
standable from the physical viewpoint. Direct temperature measurements at the
edges of the solar disc at the poles and at the equator yield no definite
answer, demonstrating dispersion in the measured temperature values for various
observations over the range +(10-20)}K; this range is much larger than the
measurement error. It is believed that the probable cause of dispersion of the
measurement data is represented by turbulence, that is, temperature fluctuations
are observed which are caused by turbulent convection. In this context we may
note that within the limits of the granule, the elementary convective cell,
temperature differences of the order of 100 K are observed (de Jager, 1959).
Hence protracted systematic observations are required in order to single out the
constant tcmperature difference. We may also note that temperature difference
8T by no means need remain constant up to the visible surface of the Sun.
Experience with the Earth's atmosphere shows, for example, that the temperatures
along the meridian are largely smoothed out at a great distance from the surface
of the planet.

If a’ung with the mechanism considered of conversion of the energy supplied
to the atmosphere to kinetic energy, one associated with the presence of a
weak meridional temperature gradient, there are some other mechanisms in
operation, the estimate obtained for &T must be reduced (if, of course, our
estimate E = 1036 erg is correct

The magnetic fields on the Sun have been disregarded in making all these
estimates. If the Sun has a general magnetic field, owing to the hydromagnetic
interaction it should decelerate the motion, and then the value of E obtained /76
here should be regarded as the maximum estimate. Hence the estimates of the
depths of penetration, efficiency n, and 6T are also found to be maximum ones.
The generation of local magnetic fields also requires the expenditure of energy,
this again reducing the intensity of circulation, to say nothing of the local
hydromagnetic interactions. The latter, as is noted by Starr (1968), are what
probably represent the basic mechanism which in the absence of a solid surface
in the interior of the Sun brings about the balance of the general momentum
in circulation. However, it is as yet difficult to make any quantitative
estimates of all these effects.
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CHAPTER 4. BOUNDARY LAYERS AND TUPBULENCE IN THE /77
ATMOSPHERES OF THE PLANETS OF THE CARTH'S GROUP

17. Boundary Layers on Mars and Venus

In considering the atmospheric dynamics (with the exception of the first
half of section 11) we have up to this point nrot taken the interaction between
the atmosphere and the underlying surface into account. This interaction takes
place through the boundary layer, in which the speed drops sharply to zero and
the temperature strives toward the surface temperature. Exchange of heat,
momentum, and moment of momentum between the atmosphere and the solid substance
of the planet take place through the boundary layer. Knowledge of the vertical
wind profiles in the boundary layers is necessary also for purely practical
purposes, to accomplish a soft landing on the surface of other planets. We
shall restrict consideration here to the planets nearest Earth, Mars and Venus,
since even if the large planets have a solid surface, it must be situated at
a very great depth.

The theory of the boundary layer of the atmosphere has been fairly fully
elaborated, the basic advances made in it being due to consistent application
of considerations of similarity and dimensionality. The contemporary theory
of the atmospheric boundary layer originated in the work of Obukhov (1946) and
Monin-Obukhov (1953, 1954). A detailed account of the theory, together with
a survey of experimental data, is to be found in the book by Monin and Yaglom
(1965, Chapter 4), as well as in the book by Zilitinkevich (1970) devoted
expressly to this one question. We will keep precisely these works in mind
subsequently in our brief presentation of the main theoretical concepts, without
making special mention of this circumstance in each instance. Under ground
conditions, both in the atmosphere and in wind tunnels. a large body of
empirical material has been assembled which ccnfirms the conclusions of the theory.

Three different component layers, the processes in which are determined
by various factors, may be distinguished in the boundary layer of the atmosphere.
Firstly there is the very thin layer immediately adjacent to the surface of the
ground, in which molecular exchange processes are of vital importance. The
thickness of this layer is determined by the thickness of the viscous sublayer
or by the mean height of the surface roughness. The most important consequence /78
of the existence of this layer is the fact that there may be appreciable
temperature discontinuities in it. We shall later return to them and consider
them in detail.

The next layer, and the most thoroughly studied one, is the ground layer,
in which there is approximate consistancy of the turbulent flows of momentum
T = -pu'w' and heat q = cppw'T', in which u', w', and T' are pulsations of the

horizontal and vertical speed and temperature components, and p is the density
of the atmosphere. Under terrestrial conditions its thicknrss is of the order
cf several dozen meters. The chief abrupt variations in the vertical wind and
tewperature profiles are observed in this layer. Above it to an altitude of
approximately 1 km in the Earth's atmosphere, there is distinguished the
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planetary boundary layer, or as it is otherwise termed the Ekman layer, in which
the temperature and wind speed modulus change very little in comparison with the
ground layer but the wind speed vector turns with altitude owing to variation

in the balance among the pressure gradient, the Coriolis acceleration, and the
viscous terms (Reynolds stresses).

For the Earth's atmosphere the basic direction of research is toward
obtaining estimates of the turbulent flows of momentum and heat on the basis of
data of measurements of the profiles of mean speed u(z) and temperature T(z)
for the ground layer or on the basis of data on the speed of the geostrophic
wind Ug and on the potential temperature drop 66 for the planetary boundary

layer of the atmospherel!. For the other planets it is of interest to obtain

at least rough estimates of the trace of the mean speed and temperature profiles
in their boundary layers. We have the necessary data at our disposal for this
purpose, possessing above all estimates of the mean wind speeds U obtained in
the previous chapter.

Let us first consider the ground layer. Once mean speed U is Kknown, we
can estimate the dynamic speed, which is also termed the frictional speed,
U, = Y1/p . In the Earth's atmosphere the quantity u,/U = 2-5%, depending on

*

its temperature stratification (the first figure refers to high stability, the
rise in potential temperature with altitude usually observed at night, and the
second to great instability, convection taking place during the day in summer).
There is an obvious upper restriction on the value of the second parameter,
turbulent thermal flux q,: it may not exceed q, the value of the energy flux

per unit surface. Even under conditions of advanced convection ratio qr/q = 0.1

for Earth. In the case of stable stratification, when the atmosphere is warmer
than the Earth's surface, a, < 0, that is, the thermal fluxes are directed toward

the ground, and the modulus of ratio qt/q is usually several times smaller or

even smaller by an order of magnitude than during the day. In the atmospheres

of Mars and Venus there is no reason to expect too substantial a departure from /79
the patterns observed in the Earth's atmosphere. In addition, it is possible

to make a qualitative estimate of the direction in which such departures might

act on these planets.

Thus in a certain sense we are faced with a problem opposite that on
Earth: having some idea of the turbulent flows of momentum and heat, we must
estimate the thickness of the boundary layer and determine the trace of the
mean speed and temperature profiles.

l1The potential temperature is related to the ordinary temperature by the
relation d6(z)/dz = dT(z)/dz + Y, If the entropy of the atmosphere were

consiant, this corresponding to adiabatic mixing of the atmosphere, when dT/dz =
= Yy the potential temperature would remain a constant value.
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According to the general theory the structure of turbulence and the trace
of the mean profiles in the temperature :tratified ground layer are defined
by the following parameters: q' = qt/cpp, the normalized turbulent heat flux;

u, = Yt/p , the dynamic velocity; and buoyancy parameter g8, where g is the
acceleration of gravity and B is the dilation, which for an ideal gas equals
Tal, where T is the characteristic temperature of the medium. From these

0
parameters we can construct length scale s
u

L=—Ge (17.1)

which is usually termed the Monin-Obukhov scale, and temperature scale

.9
Te = (17.2)

in which x is the Karman constant. The vertical profiles of the mean speed and
potential temperature are universal functions of dimensionless altitude ¢ = z/L:

i) - 2ln(F) n( @) (17.3)

6(z) =0+ T, [fo (-%-)-—fo (-?-)], 17.4)

in which 24 is the surface roughness height, and 60

value at the level z = zo. For universal functions fu and fe we have the

is the potential temperature

following expressions obtained from the considerations of similarity and
dimensionality: . .
In{ -85, 077,

D=0 U4y 0 .
f’(") f.() lnl l_fs -l ) \0 (17.5)
a e C‘Ah, » v
According to the thorough statistical treatment of the extensive empirical

material made by Zilitinkevich and Chalikov (1968) (also see Zilitinkevich,
1970):; « = 0.43; B = 9.,9; B8' = 1.45; Cl = -0.16;, a = 0.24; and C = 1,25,

Formulas (17.3)-(17.5) are valid for the ground layer, in which the /80
variation in turbulent fluxes 1 and 9, with altitude may be disregarded. Pre-

cisely from this viewpoint do Monin and Obukhov (1954) give the following
estimate of the ground layer thickness:

au? (0)
H" “ ll’g )

(17.6)

2 2
u, (0) - u,y(H)
in which a = 3 is the relative variation in frictional stress 1, 1
u; (0)
is the Coriolis parameter, and Ug is the geostrophic wind speed, that is, the

wind speed in the free atmosphere. For the Earth's atmosphere we obtain H = 50
M when o = 20% and u,/U = 5%. For Mars we obtain H = 100-150 M at the same
value of a, since the Coriolis parameter has virtually the same vaiue but the
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mean wind speeds are 2-3 times higher than those on Earth. For slowly rotating
Venus and for the equatorial regions of Earth and Mars, where Coriolis parameter
1 = 2usind is small, we may adopt the altitude at which the wind speed is com-
parable to the speed in the free atmosphere as the thickness of the ground
layer, or more precisely the boundary layer. As we shall see later, this
thickness usually is of the order of several units on the Monin-Obukhov scale.

Let us consider briefly the planetary boundary layer, which may be d:ter-
mined for Earth and Mars. The action of the Coriolis force is substantial
in this case. The thickness of this layer may be defined as

L= (17.7)

For Earth L, = 1 km, while for Mars it is 2-3 times as great. The turning
angle of the wind with altitude depends on dimensionless stratification parameter

u=0LJ/L = KSBT*/ZU*. Under terrestrial conditions the total turning angle
of the wind with altitude is of the order of several degrees in the case of
convection and reaches approximately 40° at high stability. Similar figures
are to be anticipated for Mars as well.

Let us return to the ground layer. Formulas (17.3) and (17.4), with (17.5)
taken into account, include a parameter unknown for the other planets, the
height of the dynamic surface roughness of the planet, Zy: Fortunately, it is

included as a logarithm, and so even an approximate estimate of its order of
magnitude is sufficient for our purposes. According to Table ..l in the book

by Zilitinkevich (1970), under terrestrial conditions on the average 2y = 1 for

0 2 0.01-0.1 cm for deserts, and even z,, ~ 1 M for forests. In view of

the fact that the surfaces of Mars and Venus resemble a desert more than anything
and that the surface of Mars may be fairly uneven, we shall adopt Zg ~ 1 cm,

land, :z

although values an order of magnitude smaller are also probable,

Once the speed and temperature profiles are known, it it possible to deter-
mine the parameter of local hydrostatic stability of the atmosphere: the
Richardson number, the ratio of the convective and dynamic factors . the /81
generation of turbulence
_ ddldz
R’_gp Zdu!df’_ = C? (C) (17.8)

in which universal function ¢(z) is defined as

ry. xxde 2 48
AR el (17.9)

It is assumed in this instance that the turbulent exchange coefficients for
momentum K and heat Kt introduced in accordance with the equations

du df
T pKEv 9. — {‘([IKT dar’
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are the same. We may note that this is known not to be the case for high
stability, and then factor a = Kt/K’ the inverse turbulent Prandtl number, which

becomes less than unity for the case of stability, is to be inserted in the
denominator of the righthand member of equation (17.8). For high stability this
factor is larger than unity, fairly rapidly approaching 3 or even 4
(Zilitinkevich, 1970). The universal functions for velocity and temperature will
also differ by the amount of this factor (fu = afe). We will not take this

effect into account here because of the great indefiniteness of a number of other
factors and the approximate nature of our estimates.

The coefficient of turbulent mixing K = «u,LRi in the ground layer is
expressed by the following formulas:

K=,z |L|~+ oo, (17.10)
2
K=-‘m JLl < o, (17.11)
Ju,zf 2 \% 2 -
Kf_é.(_l__),r,:T/,,. (17.12)

The first of these equations applies to neutral stratification observed
during the morning and evening hours, when the temperature profile is near the
adiabatic, Iqti > 0, and the forces of buoyancy are insignificant, the second

equation to conditions of stability and slight instability, and the third t»
convection.

In Table 8 there are given for Mars, Venus, and Earth (for purposes of
comparison) the values of buoyancy parameter ggB, dynamic velocity u, (which
equals 3% of the mean wind speed over the atmosphere), the normalized
turbulent thermal flux {qél for free convection conditions (qt/q = 0.1), and

the corresponding values of temperature scale T, and the Monin-Obukhov length
L.

For Mars the conditions adopted were those at the equator during the
period of solstice, as calculated by Leovy and Mintz (1969), where U = 20 m/sec.
These conditions are the maximum ones as regards the value of the flux of
solar heat arriving at the surface. Owing to the wide variation in wind speeds /82
on the planet, great variation is aiso to be expected in the values of dynamic ~—
velocity u,, and accordingly in values T, and |L| as well.

The data of Table 8 show that the basic parameters determining the structure
of the ground layer, the dynamic velocity and especially temperature scale T,
vary substan.ially for all 3 planets because of the great difference in the
basic atmospheric parameters end above all in density. Hence the ground layer
on each planet must have distinct features of its own, and we shall now proceed
to consider them.



TABLE 8. GROUND LAYER PARAMETERS FOR CONVECTION CONDITIONS.

| R |
Planet Lo cu (l\"ﬁcl iy cm/sec) 4, hecm/sec] 1. k ,l Lm
r
[
Mars 1,7 100 6O 1 20
Venus [ 3 0,08 0,01 g1
Earth 3.3 ‘ 50 7 0.3 i 100

Cormas indicate decimal points.

Mars

The dynamic and especially the thermal structure of the lower part of the
Martian atmosphere has been examined in fairly great detail by Gierasch and
Goody (1968). They have perforaed numerical calculations of the vertical
temperature profiles and convection conditions for a model of the atmospl re
with P = 5 mb, for different latitudes, seasons, and times of the day. An

estimate of the mean wind speed of U = 40 m/s2c was obtained with the formula
derived by them, which essentially coincides with the thermal wind formula.
However, the vertical mean wind profiles could not be found in the model cor-
sidered by them, and the authors contined themselves to making a very rough
estimate of the Richardson numbers for various conditiouns. We may note that
their numerical estimate of quantity q, at noon on the equator is of the same

order as ours (qt = 0.1 q).

Under convection conditions the 'logarithmic plus linear law" for wind and
temperature nrofiles (17.5) may be adopted up to values &y = -0.16, that i-,
at L = -20 M up to an altitude of 3.2 and above the surface of the planet. In

this instance (zo =1 cm)

w(z)  2,3{In(100z) - f%]
0(:) :’T(Z) f.; \ ‘4“"(“)02) —‘{4—|'

in which u(z) is expressed in m/sec and z in meters. At an altitude of 3.2 m

u = 13 m/sec, and AT = T(0) - 7(3.2) = 70 K. Thus over a layer of the atmosphere

only 3 m deep the velocity reaches almost one-half of its value typical of the
free atmosphere, and the temperature discontinuity (in this instance the
difference between usual temperature T and potential temperature 6 = T + v_z,

in which for Mars Y, =~ 5 K/km plays no role whatever) reaches 70 K. Abrupt

variations, although smaller ones, in temperature during the day in the lowest
layer of the atmosphere have been found by Gierasch and Goody (1968). We may
note that they were unable to obtain such abrupt variations as in our case,
since they assumed the vertical step in numerical calculation to equal 100 m.

The possibility of existence of abrupt temperature variations was also

pointed out by Gifford as early as 1956 (also see Moroz, 1967, Sections 2, 4),
who cited the example of temperature measurements in summer at noon in the
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Gobi Desert. According to these measurements, the temporature difference tetween
the surface of the ground and the air at a height of 2 m reaches 20 K. However,
the inequality of heat and momentum exchange comes into play in the case of

great instability: the inverse turbulent Prandtl number o in this instance tends
(when z/L &= 2) toward 3, this accordingly reducing the abruptness of temperature
variations. The increase in o takes place fairly rapidly, and even at ¢ = -0.2,
that is, where in our case z ® 3m, o ® 2, and then the temperature discontinuity
will be 35 K rather than 70 K. For altitudes greater than 3 r, it is necessary
to use the last of formulas (17.5), which describes 3 convection conditions.

In this instance i{he wmean speed asymptotically approaches its maximum wind

speed value in the free atmosphere. When || = 5, that is, z = 100 m, the speed
reaches approximately 90% of its value gt || » =. The coc:ficient of turvulent
exchange increases rapidly with altitude. For z = 100 m, we obtai . K = 44108

cm2/5cc in accordance with (17.12), a value which may be contrasted witn the

estimate by Gierasch and Goody (1968), K = 10® cm?/sec, for the lower kilometer
layer obtained numerically under the same conditions of equatorial noon, since

K~ 24/3 and 104/3 = 20,

In the case of srable stratification (nighttime) we adopt L = 150 m, T, =

= 2 K. Then a spced of 20 m/sec will be reacned at an altitude of around 120 m,
and the tcmperature drop will in this in ' .nce be of the order of 40 K. The
coefficient of turbulent exchange K calculated from (17.11) will be of the

ouder of 40 K. Coefficient of turbulent exchange K calculated with (17.11) will
be of the order of 105 cm?/sec. According to Gierasch and Goody (1968), the
effects of radiation attentuation of temperature fluctuat ons should be essential
in establishment of the temperature conditions at this value of K (see Goouy,
1964; Golitsyn, 1963, 1964). This should lead to decrease in qé and T, that is,

to increase in L and thus to decrease in the temperature drop for the assigned
altitule range.

The Coriolis force must be taken into account aoove the 100 m level, that
is, the planetary boundary layer referred tc earlier has its beginning here.

Let 1s consider yet another question relating to the temperature discontin-
ity in the molecular sublayer directly adjoining the surface itself. This
question has been investigated in fairly great detail in engineerirg, but
apparently Zilitinkevich (1970) was the first to :all attention to its £§i
importance in meteorology. The considerations of similarity established that
this discontinuity should be a function of the Reynolds numb.r. sccording to
the empirical data presented in his book, the value of this discontinuity at
a Prandtl number of the vrder of unity may be described by t‘he formula

00T Revt, (17.1°:
in which Re, = 30 u,z /v is the Rcynolids number for this sublayer. For tac
rarefied atmosphere of Mars v = 10 cmZ/sec, and if 24 = 1 cm, then keo = 300.
Then accnrding to (17.13) the temperature discontinuaity noon on the :quator

equals 30 K. If 2y = 0.1 cm, then 86 = 10 K. Hence, wh. at noon on ihe
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equator the surface temperature reaches values of T = MZTe = 310 K, at an
altitude of 3 m it may be many dozen degrees lower.
All this demonstrates that the micrometeorology of the equatorial regions

must be highly unusual. In the t.aperate latitudes, especially in the winter
hemisphere, the values of qt, and consequently of T, as well, should be

appreciably smaller and the temperature variations should not be so abrupt.
Venus

The values given in Table 7 for the boundary layer parameters q{, T,, and

L for the atmosphere of Venus should be regarded as limiting values, T, being
a maximum and L a2 minimum, since they were calculated on the assumption that
the entire "lux of direct solar radiation q reaches the surface of the planet.
In this instance T, ~ vq, and L ~ (vq)sl, in which vy is the portion of the
radiation flux reacning the surrace. We note immediately that if the value

of vy is small, thon L » =, ti* ~orresponding to purely neutral stratification,
that is, the velocity profil. * be logarithmic, and the potent.al temperature
constant with altitude, since ., - 0, that is, T(z) = TO R

Let us first estimate the altitude at which the speed calculated from the
formula u(z) = (u*/<)Ln(z/zo) is comparable to the mean speed of 5 m/sec. This

altitude is estimated o: the basis of the formula z = z_exp{xu/u,). Hence we

0
obtain an altitude of around 1 km when zy = 1 cm and u, /U = 0.05> (a figure
corresponding to neutral stratification). ilowever, this estimate is highly

sensitive both to the value of Z0 and especially to u,, and so it should be

regarded expressly as an estimate of the order of magnitude.

Let us consider the limiting cuse to which the values of u,, T,, and -L
given in Table 7 correspond. If -L = 900 m, then under convection conditions
the speed will reach its limiting value in the free atmospnere at |¢| =5,
that is, z ® 4.5 km. However, the departure ¢ the temperature from the
adiabatic profile does not exceed 1°, owing to the small value of T,. Such
departures should be even smaller at night.

The coefficient of vertical turbulent exchange at an altitvde of 1 km will

be K = xu,. = 5'10b cm2/sec.

18. Turbulence in the Free Atmosphere /85

Quantity ¢, the rate of dissipation of kinetic energy, serves as the basic
characteristic of turbuler. ., and specifically f fluctuations in speed and
turbulent mixing. In thc *wo preceding chapters gereral formulas were proposed
and estimates were given . ¢, so to speak, on the global scale, on the average
for the entire atmosphere. The example of Earth's atmosphere shows that
dis=ipation is distributed very uneve iy in altitude: the lower kilometer
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boundary layer, according to contemporary estimates (Zilitinkevich, 1970;
Lorenz, 1967) accounts for one-half to two-thirds of all dissipation. Hence in
the boundary layer, especially in the lower part of it, the groind layer, the
value of ¢ may be substantially larger, but in the bulk of the atmosphere
appreciably smaller than the value of our global estimate of €. The nature of
variation in quantity ¢ as a function of stratification and altitude has been
described, for example, in the book by Monin and Yaglom (1965, Chapter 4).

We may note that in the case of highly unstable stratification, ¢ is constant
with altitude in the convection layer, and decreases with altitude as z ! in
the case of stratification near the neutral and stable stratification. However,

since such brsic characteristics of turbulence as the root mean square difference

in speed fluctuations at two points and the coe.ficient of turbulent mixing
are proportional to 51/3, in the first approximation the vertical distribution
of € should not play a very significant part.
For Earth € = 4 cnzlsecs, for Mars, according to Leovy and Mintz (1969),
= 10-20 cnzlsecs, and for Venus, according to the formulas in Section 8,

€ *'10-2 clzlsecs. Hence on Mars the speed fluctuations and the mixing are
on the average 1.5 times more intensive than on Earth, but on Venus are an
order of magnitude smaller.

Also of practical interest are estimates of the temperature fluctuations
in the atmospheres of the planets, since these fluctuations cause fluctuations
in the radiowave refraction index. Thus a radio signal passing through the
atmosphere of a planct will undergo fluctuations in amplitude and phase.

To determine the intensity of temperature fluctuations, Obukhov (1949a)
introduced the mean rate of smoothing of the temperature field heterogeneity N,
defined as

dx,

(18.1)

on the analogy of the Re:yleigh definition of dissipation rate ¢ (see Landau,
Lifshits, 1954). Hence quantity N is often termed simply the temperature
dissipation For slowly rotating planets K ® 0.1 Ur and aTlaxi ~ &T/xr. Thus

the value of N may be estimated by means of the formulas of Section 8.

The intensity of the temperature fluctuations is determined by structural

constant ci, introduced by the equation

Dr (“) ’ Eﬁ C;".‘V'E‘ “q = C;-'a'a' (18'2)

in which D (a) is the structural function of temperature, that is, the root
mean squ«re temperature difference fc - two points separated by distance a; C s
& 3 (see Monin, Yagolom, 1967, Section 23). Once N and ¢ are known, it is

possible to determine Ci.
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Refraction index n for |n - 1| << 1 is of the form n = 1 + 8,p/T, in which
8 is a constant determined by the composition. For air Bl = 0.08 K/at, and
for CO, 8, = 0.13 K/at. Fluctuations in the refraction index are defined as

21
én = -BlpGT/TZ, since the pressure fluctuations are insignificant (see

Tatarskiy, 1967). If the terperature fluctuations are described by formula
(18.2), the analogous formi_a will be corn.ct for the refraction index fluctua-
tions as well. For this rea<on the corresponding structural characteristic

Ci may also be estimated by means of the external parameters (Golitsyn, 1970b).

In this instance an estimate correct in ovder of magnitude is obtained for
Earth's atmaosphere. This moved the author, working in collaboration with

Gurvich (1971), to apply similar considerations to estimation of the fluctuations
in the amplitude of the signal from Mariner-5 of the wavelength of 13 ca which
passed through the atmosphere of Venus, as it emerged from behind the disc of
the planet. Calculations yielded a value for the fluctuations in the signal
level of the order observed in measurements. Similar values of fluctuation
intensity were also observed on the occultation of Mariner-5 (Kliore et al.,
1967), as has been demonstrated by Gurvich (1969).

19. Dust Storms on Mars

When in November 1971 Mars was approached by the unmanned space stations
Mariner-9 and then by Mars-2 and Mars-3, it was found that the entire planet
was covered by an unbroken cloud of dust through which only a few of the
highest mountains and craters could be indistinctly seen, In Figures 3 and 4
we have aiready presented photographs of individual regions of the planet taken
during the dust stora.

Everyone naturally associates the storm with winds, and so it is the duty
of meteorologists and specialists in atmospheric physics to answer the question
of what such a dust storm is, how it may be generated and what fosters or
impedes it, as well as how it develops and why it ultimately dies out. This
-is an unusually complex phenomenon, and elaboration of a theory of the dust
storms will take many years. To attract the attention of investigators of the
atmosphere, in this concluding section of the book a brief survey will be
presented of the results of observations of the dust storms on Mars and certair
qualitative considerations will be advanced (see Golitsyn, 1973) regarding the
probable mechanism of generation, development, an' fading of these storms. These
considerations are in many respects based on material already presented in this
book (see, for example, Sections 13, 17, and 18), this serving as additional
justification for discuss on of this matter.

A description of the development of the 1971 dust storm on the basis of /87
the data of ground as* '.omic observations of Mais has been made by Capen and
Martin (1972), and on ! . basis o/ the data of Mariner-9 by Leovy et al. (1972);
alsn see the popular science article by the author, "Dust Storm; on Mars," in
the collection Chelovek i Stithiya (Man and Elements) (Gidrometeoizdat, 1973).
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Dust storms of high intensity on Mars are known only for the times of
great oppositions, when Mars is subjected to intensive observations and the
storms hamper such observations. It is known (Glasstone, 1968) that during
the great oppositions Mars is near perihelion, and at this time it is the end

“of spring and beginning of summer in its southern hemisphere. The insolation
-is at its maximum in this instance, being 20% higher than the average owing to
the elongation of the orbit. As long ago as 1909, Antoniadi (see Glasstone,
1968) advanced the idea that, although the yellow clouds presumably consisting
of dust particles are also encountered at other times, the most intensive
clouds must develop during the perihelial oppositions.

Data on the yellow clouds observed on Mars have been assembled by Gifford
(1964). They indicate that the most intensive ones have as a matter of fact
been observed during the major oppositions of 1892, 1924, and 1956. We may
add 1971 to this list.

However, not every major opposition is accompanied by storms. Thus
Gifford's list does not include clouds or the oppositions of 1909 and 1939,
although large clouds were observed for the oppositions of 1907 1911, and 1941,
when Mars was not too far from its perihelion.

Consecutive major oppositions of Mars are separated by a period of 15 or
17 years. Over this period Mars is near its perihelion another 7 or 8 times.
However, at this time Mars either is too far from Earth or is in the daytime
sky, that is, astronomical observa  ion of it is impossible. Hence the
association of the storms with the major oppositions is the result of sampling
the observations.

Thus it appears that the presence of Mars in the vicinity of perihelion
is a necessary but far from sufficient condition for the origination and
development of a storm. The varying duration, intensity, and space scale of
the different storms indicate the importance of local and general meteorologi-
cal conditions in the Martian atmosphere during the origination and develop-
ment cf a storm. However, the fact that the storms often cover virtually the
entire planet indicates that there are cert-.n feedback mechanisms favoring
global distribution of the dust as soon as the dust cloud has assumed a
sufficiently large size. Unfortunately, we as yet know too little about Mars
and are well aware that the structure of the Martian winds must be highly
diversified owing to the complexity of the topography, and that description
of the global dust storm — terrestriil meteorology has no knowledge of similar
problems — requires allowance for tvo many factors, including ones as yet
unknown or poorly understood and little studied, and the complex and often /88
very obscure interaction of such factors. Among these factors consideration
must obviously be given to the questions of elevation of the dust into the
atmosphere and the wind structure in the surface layer of the atmosphere, the
spread of the dust in the atmosphere, absorption of solar radiation by the
dust and resulting modification of the temperature conditions in the atmosphere,
something in turn leading to change in the wind, and so forth. Thus it would
seem that in this difficult situation even simple qualitative considera® "ons
regarding the individual stages of a storm might be of some use.
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Let us deal first of all with the questions of blowing of the dust from
the surface and its elevation into the air. Two qualitatively different
mechanisms of this process are known (they are discussed for Martian conditions,
for example, in the works of Gifford (1964), Sagan, and Pollack (1969), and
Sagan, Veverka, and Gierasch (1971)). The first mechanism is the saltation
studied by Bagnold (1941). At a certain wind stress t depending on the wind
speed and its vertical gradient, particles of a certain size a begin to be
set in motion: they are lifted into the air to a certain height and are
transported by the wind, but then fall under the action of gravity.

The fall of the particles is described by the Stokes-Cunningham equation,
which allows for the finite nature of the ratio of the mean free path to
particle size (it has becn used for Martian conditions by Anderson, 1967).

Calculation of the dependence of the radius of lifted particles on
frictional stress 1, or more precisely on frictional velocity u, = vYt/o , has

been performed by Sagan and Pollack (1969) for pressures of S and 15 mb on
.he surface of Mars. At ps = S mb, when the threshold value is u, = 4 m/sec,

particles of a radius of around 200 p begin to rise. Smaller particles are
not listed, since they are entirely imbedded in the viscous sublayer, the
thickness of which is u/u, (see Landau, Lifshits, 1954; Monin, Yaglom, 196S),
and are not affected by the turbulent frictional stress; the flow ¢annot lift
large heavy particles, since the lifting power is proportional to the surface
of the particle, and the force of gravity is proportional to their volume.
Larger and smaller particles are lifted at values of u, greater than the
threshold value. Thus at u, = 6 m/sec particles ol a radius of 50 to 1000 u
are lifted. NWith increase in pressure the threshcld value of u, decreases,
and at P, = 15 mb it is slightly less than 2 m/: 2.

Relatively large particles in falling to Earth, may exchange momentum with
smaller particles and 1lift the latter into the atmosphere. As a result of
turbulent mixing small slowly falling particles may be spread to greater
altitudes. Almost no quantitative study has been made of th. effectiveness
of this method of introduction of small particles iriv the atmosphere. At
the same time, this is one of the questions of cardinal importance in under-
standing the origination and development of a storm.

The nature of the behavior of the values of u, under Martian conditions /89
may be determined if the wind speeds in the free atmosphere are known (see
Sections 1%, 17). According to Section 17, the value of u, is determined by
wind speed U and is 2-5% of U depending on the stratification: the values of
u, are smaller under conditions of high stability and larger under high
instability, free convection. We examined the structure of the ground layer
of the Martian atmosphere in Section 17. On the basis of the data presented,
and using the typical wind values obtained by Leovy and Mintz (1966) for a
model with p, =5 mb, we can calculate the typical values of u, in m/sec for

winter and summer in the middle latitudes:
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Winter .......cciennene 3

Summer:
morning, evening..... 1
NOON ...civnevnncnnns 2
midnight....... asennne 1

Since we do not as yet know the mean surface level on Mars, the question
arises of how the values of the mean wind for the entire atmosphere vary on
change in mean value S;. According to Section 10, U .,"-113 = (3/5;)1/2, in
which g is the acceleration of gravity. Hence, other conditions being equal,
u, "’E; -1/2, that is, at the contemporary estimates i; = 6 * 2 mb (Kliore et
al., 1972) the values given for u, may be regarded as accurate for all values
P with an error not exceeding 25%.

Comparing the data obtained with the findings of Sagan and Pollack (1969),
we see that the values of u, are in summer 2-4 times smaller than the threshold
value of u,. The winter conditions would seem to be the more favorable ones,
but during the cold seasons, as at night, the cohesion between the particles
may increase owing to freezing of the moisture, and for this reason the
conditions are not very favorable for lifting of dust in the winter hemisphere.
This is also confirmed by the data of Gifford (1964), which indicate virtual
absence of clouds during the cold season of the year. )

-~

Thus lifting of dust should be expected around noon, not under all
conditions but in the case of local approximately two-fold excess of u,, which
is here taken as equalling 40 m/sec. Men: ion may be made of the number of
factors favoring the lifting of dust even ..t lower speeds. First of all there
are the turbulent gusts. Their statistica. characteristics have been thoroughly
studied for the ground layer of the atmosphere. The ratio of the root mean
square value of speed pulsations %, to u, (see Zilitinkevich, 1970) equals

2-2.5, this representing 10% of the mean speed. The probability distribution

for the speed pulsations is more or less near the normal. This means that

ancrease in speed by 10%, and consequently in u, as well, is fairly often
encountered. Stronger gusts may also occur, although they are less probablel2. /gg

1213 the work by Hess (1973), who converted the data of Bagnold (1941) >n the
threshold value of the frictional speed, Upehr? for Martian conditions, it is

demonstrated that the values of u are almost.2 times smaller than those

*th

adopted by Sagan and Pollack (1969). Thus at P, = 5 mb, according to Hess, Usep =

= 2.5 m/sec, while the other two authors give 4 m/sec. This greatly increases
the probability of commencement of lifting of dust into the atmosphere without
requiring overly large wind speed values. The author wishes tn express his
gratitude to S. Hess for making a preprint of his paper available to him.
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Appreciable increase in u, may occur on abrupt change in the structure of
the underlying surface, specifically, on increase in roughness height Z4e This

fact has been studied under terrestrial conditions (see Laykhtman, 1970). An
approximate analytical solution of the problem has been obtained by Radikevich

(1971). The latter has calculated that on tenfold change in z, the value of

T increases by approximately 30% at a great distance from the boundary
separating regions characterized by different values Zg while T wundergoes

more abrupt change in the vicinity of the boundary!3. In the region near the
dividing line there appear vertical speeds (ascending ones on increase in zo)

which reach several centimeters per second. Field measurements performed under
conditions of much more abrupt variation in z, also indicate greater variation

in 1 (an approximately threefold variation; see Shir, 1972).

Another mechanism of transport of dust into the atmosphere is represented
by dust storms, the so-called '"dust devils." This mechanism has been discussed
by Sagan and Pollack (1969) and by Sagan, Veverka, and Gierasch (1971). The
conditions of formation of dust devils have been studied by Ryan and Carrol
{(1970) in th Mojave Desert in southern California. They are formed in a
low wind under conditions of great overheating of the ground surface, that is,
high instability of the atmosphere. For Mars such conditions are best fulfilled
during the noon hours near perihelion. The occurrence of dust devils on Mars
must be fostered by the possibility of existence of sharp temperature discon-
tunuities hcetween the ground surface and the atmosphere during the noon hours
in the swuinner hemisphere. As was shown in Section 17, these discontinuities
may reach 30 K.

Unfortunately, neither experimental nor theoretical quantitative estimates
have been made of the effectiveness of the dust devils in lifting dust. This
effectiveness obviously also depends on the amount of d.st on the surface which
may be lifted into the atmosphere. However, the latter is an areomorphological
rather than a meteoro! gical factor. At the present time the possibility is
not to be discounted (see Sagan, Veverka, and Gierasch, 1971) that precisely /91
the dust devils may be the chief wechanism pircing fine and long-suspended
dust in the Martian atmosphere, since in these dust devils the vertical
velocities are of the order of the horizontal ones and reach several meters per
second under terrestrial conditions.

13The last illustration in the article by Leovy et al. (1972), may be inter-

preted as confirmation of this effect under Martian conditions. In this figure

there are two photographs of the same region of Mars taken at different times

from Mariner-9. In one of them the central portion of the region is covered

by a diffuse low cloud, a local dust storm. In the second photograph, taken

several weeks after the first one, it is clearly to be seen that the part of

the snrface earlier covered by the storm has a much rougher small-scale topo-

«.aph - CEp the territory surrounding it, which was also uncovered at the

o + *+ " author would like to express his gratitude to C. Leovy, who
» « - priat of his article and called attention to this photograph.



The foregoing discussion shows that the lifting of any signifi.ant quantity
of dust into the atmosphere requires simultaneous satisfaction of a number of
conditions. The best possibilities are probably provided in the vicinity of
Jerihelion. This makes understandable the rarity of observations of yellow
clouds on Mars and of correlation of their appearance with major oppositions.

But let us assume that a dust cloud has assumed sufficiently large dimen-
sions and the concentration of dust in it has become large enough,so that to
describe the motion of such a cloud above the underlying surface it is necessary
to allow for the upposite effect of the dust on the flow dynamics. The nature
of turbulent flows containing a heavy admixture has been studied by Barenblatt
(1955). One of the chief results of this study is that in the case of neutral
stratification the mean velocity profile of a stationary and horizontally
homogeneous flow is modified (see Section 17) and tends with altitude toward
the form of

u(z)- orin-. (19.1)

Dimensionless parameter w is defined as
v

@ - *

TR,

(19.2)

in which v is the particle precipitation velocity, and a is the ratio of the
tu: bulent exchange coefficients for the admixture and the momentum, and is
approximately equal to unity. For sufficiently small particles v < axu,, that
is, w < 1, and then formula (19.1) may be interpreted as stating that the
presence of dust in the flow results in effective reduction of Karman constant
x. In this instance the velocity gradients are less abrupt in the vicinity
of the surface, a circumstance which facilitates the dislodging and lifting of
larger quantities of dust.

For small particles of a diameter of a few microns w << 1. There is a
limiting stationary distribution of dust in altitude, which is given by the

formula 2
n(:): ”(30\27)

in which n is the dust concentration and the subscript 1 refers to a certain
height near the bottom. In the case of an unlimited supply of dust on the
underlying surface the flow tends toward this maximum saturation, which is the
greater the smaller is w. If the supply of dust is limited the dust concen-
tration value at the bottom is smaller, but it tends asymptotically toward the
maximum with increase in altitnde z. Similar relationships are also to be
expected for r.emperature st -» “ied flow, although there is as yet no
corresponding theoryl", m

-1
)

14Such a theory has recently been elaborated by G. I. Barenblatt and the author
in a paper forwarded in the middle of 1973 for publication in the "J. Atm. Sci."
One of its conclusions is that in the case of stable stratification dust concen-
tration n(z) decreases exponentially for altitudes greater than the Monin-Obukhov
scale (17.1), while in the case of free convection the value of n(z) tends toward
a certain constant value with increase in z. This makes it possible to under-
stand why the dust storms always begin near the period of maximum insolation of
the surface of Mars, when the probability of occurrence of strong convection is
greatest,
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This property of turbulent flows of collecting and carrying within them-
selves a large quantity of dust represents one of the mechanisms favoring the
spontaneous development of a dust storm. The propagation of dust already lifted
to high altitudes, such as the altitude of the homogeneous atmosphere H, is
accomplished by turbulent mixing. Let us estimate the value of the turbulent
mixing coefficient required for lifting of dust to altitude H in time t. Usiny

the formula K *‘Hzlt. withH=10knand t = 10S sec (1 day), we obtained

K *‘107 cmzlsec = 103 nzlsec. This value is entirely reasonable for daytime
conditions on the equator, but is somewhat lower than the estimates of the
turbulent mixing coefficient given by Gierasch and Goody (1968) and by the
author (see Golitsyn, 1969). ’

Horizontal mixing is characterized by much larger coefficients. K ~ 3-1010
cnzlsec = 3-106 mzlsec is required for the propagation of dust over 1000 km in
3 days; this value is entirely in agreement with the previous estimates of
Section 18 (also see Golitsyn, 1968, 1970b). Such a value of K is an order of
magnitude larger than that used in the numerical experiments by Leovy and Mintz
(1969). They characterized this value as small and one can agree with this
statement. However, this question also requires further study.

But let us assume that dus. has been lifted above a rather extensive area.
Measurements under global storm conditions (Moroz, Ksanfomality, 1972; Hanel
et al., 1972; Chase et al., 1972; Kliore et al., 1972) show that during the
day the surface of the planet is on the average 20-30 K cooler than in the
absence of a storm, and that the vertical temperature profiles are near iso-
thermy, owing to which the atmosphere is on the whole warmer. This is under-
standable if it is assumed that a large part of the solar radiation is absorbed
by the dust-filled atmosphere itself. Unfortunately, the optical propecrties
of the Martian dust are as yet unknown and only indirect estimates may be made
of the absorption value (see the work by Ginzburg, 1973). In this context it is
useful to cite measurements of solar radiation absorption under the conditions
of the extremely dusty atmosphere in the karakum Desert (Kondrat'yev, Vasil'yev,
Grishechkin, 1971). The conditions here are characterized by the authors as
those of an intense dust haze. The atmospheric absorption increases appreciably
in this case, reaching approximately 20-25% of the total value of direct solar
radiation.

Let us assume that for a dust cloud not as yet of very large dimensions /93
lowering of the temperature also takes place in the lower part of the cloud.
Simple estimates of the amplitudes of the wind arising in this instance may be
made on the basis of the data of Gierasch and Sagan (1971).

For small scales L the Rossby number Ro = U/IL, in which I = 2wsin?d, the
Coriolis parameter, is greater than unity (the Rossby number is the measure
of the ratio of the nonlinear terms in the equations of motion to the Coriolis
force). The Coriolis acceleration then plays a subordinate role and may be
disregarded in very rough estimates. The equation of motion with pressure as
an independent variable may be written as
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du du Ny ‘
Ils;f‘ﬂ"m;“";;}" 0,

N (19.3)
» _pT,
(19.4)
du | Ow
x lwm-r O (19.5)

in which the role of vertical velocity is played by quantity w = dh/dt, h = in
(p/ps), ¢ = g” is the geopotential, R' is the gas constant, and T is temperature.

If temperature variation AT at a-certain distance L is assigned, then the
velocity of the motions occurring in this instance may be estimated from this
system. By means of (19.5) we ascertain that the first two terms in (1..3)
are of the same order. Hence it follows from (19.4) and (19.4) that

U* ~ A3 - R'ATAA. (19.6)

It is assumed here that the vertical and the horizontal temperature
variations are of one order. Allowance for the nonstationary terms and, for
example, the ircular symmetry of temperature distribution introduces only
additional positive terms into (19.3) of the same order as U2L™!. Let AT = 10
K and Ah = 1/2, that is, the motions take place only up to the mean level of
the atmosphere, at which the temperature in the cloud is comparable to the
temperature of the remaining atmosphere (it is lower below this level and higher

above it). Then, in accordance with (19.6}, U "'(I/ZR'AT)I/2 = 30 m/sec.

Since U is known, the restrictions on L < U/7 may be estimated from the
condition Ro > 1. For latitude ¥ = 30° we have L < 400 km. Since the atmosphere
is cooler in the lower central portion of the cloud, the motions are descending
ones there, but ascending ones on the edges of the clouds. The occurrence of
appreciable wind speeds and the nature of circulation should in this instance
contribute toward transport of dust to the periphery of the cloud and further
blowing away and lifting at its edges. The opposite picture of temperature,
and hence of ve!.city distribution is observed at night, but because of the short
duration of the summer nights it may be assumed that on the average the dust
cloud will increase in a day.

According to the estimates of the dust propagation time given in the fore- /94
going, owing to horizontal turbulent mixing the cloud may reach dimensions of
the order of 500 km in a few days. With larger dimensions it is necessary to
take the Coriolis force into account to determine the winds, that .s, the motion
will be determined chiefly by the balance between the pressure gradient and the
Coriolis force. With local variations in the temperature field there is also
variation in the pressure field, and the wind consequently undergues variation
as well, The geostrophic wind component resulting from variation in the
temperature field is termed the thermal wind. The thermal wind equations are
of the form of ( Gierasch, Sagan, 1971):

ou R' oT

o= T TR (19.7)
dv _ Rl (19.8)
oh 1 Ox
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or in vectorial notation

0w R’
n BTk
oh v (19.9)

in which k is the unit vector, which is directed upward.

It follows from these equations that the thermal wind varies with altitude
and blows along the isotherms, in such a way that the cooler air remains on
the right in the southern hemisphere (1 < 0). A cyclonic vortex occurs as a
result at the surface. The variation in velocity — the thermal wind — may be
estimated in accordance with (19.9) =

R’ ARAT
AU~ ———. (19.10)

Inserting in this equation the values Ah = 1/2, AT = 30 K, L = 103 km, and

1= 7-10.S sec°1, we obtain AU ~ 40 m/sec. An anticyclonic vortex should occur
in the upper part of the troposphere, where the temperature gradient is in the
opposite direction.

According to the calculations of Leovy and Mintz (1969), moderate south-
easterly winds having speeds of 10-20 m/sec prevail in summer in the southern
hemisphere of Mars. If our estimates are correct, the motions arising on the
development of a storm should substantially alter the general wind structure.

Thus a dust cloud of sufficiently large dimensions and density, owing to
the absorption of direct radiation, appreciably disrupts the temperature
conditions of the Martian atmosphere, this leading to the appearance of fairly
strong winds which in turn should lift additional amounts of dust into the
atmosphere. It seems to us that this is one of the probable large-scale feed-
back mechanisms between the wind field and the amount of dust in the atmosphere
contributing toward spontaneous development of a storm and its attainment of
2lobal scales!5, Unfortunately, until the absorption properties of the dust /95
in the range of direct solar radiation are known and a quantitative theory of
the lifting of dust from the surface into the atmosphere is available — these
being merely a few of the most fundamental elements of tne process — any
quantitative description of the process of development of a storm in time and
spacc is inconceivable. Sucn a description would obviously require calculations
with the largest computers.

Observations show that after a storm has reached global dimensions it dies
out, that is, the dust again settles on the surface, although temporary and even
repeated storm efforts are possible, such as were observed by Leo in 1924 (see
Kuiper, 1961). It is not difficult to understand the need for the dying out.
When a dust storm reaches the global scale the temperature contrasts in the
atmosphere decrease, and the wind c~nsequently dies down. However, if the
precipitation of particles above various areas of a surface is uneven, temporary

15A similar idea about the nonlinear interaction of dust, radiation, and
atmospheric motions leading to increase in a dust storm on Mars was also advr .ced
independently by Gierasch and Goody (1972) and by Hess (1973).
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accentuation of the temperature contrasts and intensification of the winds use
again possible.

A special role must be played by the polar cap in .he temperature (and
wind) conditions of the atmosphere of the southern hemisphere. During this
season the cap melts rapidly, in which process a large amount of I :at from the
atmosphere is consumed, that is, near the surface of the cap the temperature of
the atmosphere must be around 150 K, the melting point of solid carbon dioxide.
The great temperature difference between the atmosphere above the cap and above
the regions where the ice has already melted should cause strony winds. Higher
above *he cap the temperature of the atmosphere may be substantially higher
owing to the advection of heat and the dire.t heating of the atmosphere by the
Sun. Observations by Hanel et al. (1972), have revealed the presence of strong
temperature inversion above the southern polar region. The flow of a mass of
carbon dioxide into the atmosphere on evaporation of the cap should also play
a role in the process. We confine ourselves here simply to indicating the
importance and complexity of these processes.

In conclusion all that remains is for the author to repeat that the
establishment of any quantitative theory of the process of development and
dying out of a dust storm on Mars is one of the most difficult tasks with which
physics of the atmosphere has ever been faced, since allowance for too many
interacting factors is required.
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